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I n tr o d u c t io n
I n  t h i s  w o rk , a  s tu d y  has  been made of  th e  p a r t i c u l a r  example 
o f  a composi te  m a t e r i a l  formed by th e  f i l a m e n t  w in d in g  p r o c e s s  from 
f i l a m e n t a r y  g l a s s  r e i n f o r c e m e n t  and epoxy r e s i n  m a t r i x .
Mankind has  made use  from th e  e a , r l i e s t  t im es  o f  composite 
m a t e r i a l s  where enhanced p r o p e r t i e s  o f  some k in d  were r e q u i r e d .
S traw was c e r t a i n l y  u sed  by th e  I s r a e l i t e s  i n  800 B.C. to  make 
b r i c k s  which a t  a com press ive  s t r e n g t h  of  1000 I b / i n ^  a r e  a b o u t  a 
q u a r t e r  of  th e  s t r e n g t h  o f  modern f i r e d  b r i c k s .  The use  o f  g l a s s  
f i b r e s  i s  n e a r l y  a s  o ld  a s  g l a s s  i t s e l f .  I n  E g y p t i a n  t im es  i n  a 
manner c u r i o u s l y  a n t i c i p a t i n g . f i l a m e n t  w ind ing ,  g l a s s  v e s s e l s  were 
made by^  w in d in g  f i b r e s  onto  a  s u i t a b l e  c o re ,  h e a t i n g  so t h a t  th e  
f i b r e s  m e l t e d  i n t o  one a n o t h e r  and a f t e r  c o o l i n g ,  removing the  c o re .  
The u s e  o f  c i r c u m f e r e n t i a l  wrappings  to  i n c r e a s e  t h e  s t r e n g t h  of  
c e r t a i n  s t r u c t u r e s  too  i s  n o t  new. Wrappings o f  w i re  were used  
a round  cannon b a r r e l s  i n  th e  e a r l y  days o f  weaponry to  p r e v e n t  them 
from b u r s t i n g ,  a use  t h a t  i s  p a r a l l e l e d  today  by t h e  wrapping o f  
g l a s s  f i l a m e n t  w ind ings  a round  l i g h t w e i g h t  shot^,u^ b a r r e l s .  The 
a c c e p ta n c e  o f  composi te  s t r u c t u r e s  f o r  a p p l i c a t i o n s  r e q u i r i n g  u l t i m a t e  
s t r u c t u r a l  pe r fo rm ance  i s  however r e c e n t  and u n iq u e .
The im pe tus  f o r  the  development o f  the  f i l a m e n t  w ind ing  p r o c e s s  
may be s a i d  to  s tem from th e  f i e l d  of  a e ro sp a c e  r e s e a r c h .  The 
development o f  new s t r u c t u r e s  i s  a lways o f  p a r t i c u l a r  im por tance  to  
a e r o sp a c e  a p p l i c a t i o n s ,  where th e  re q u i re m e n t  to  min im ise  s t r u c t u r a l  
w e igh t  i s  a lways  p r e s e n t .  F i l a m e n t  wound p r e s s u r e  v e s s e l s  f o r  space  
a p p l i c a t i o n s  have been shown to  be h i g h l y  e f f i c i e n t  s t r u c t u r e s  bu t
t h e i r  p o t e n t i a l  as  s t r u c t u r a l  members f o r  g e n e r a l  a p p l i c a t i o n  has  
n o t  been w id e ly  a p p r e c i a t e d .  As a r e s u l t  o f  th e  e v o l u t i o n  of  
t h i s  p r o c e s s ,  however,  f i l a m e n t  wound s t r u c t u r e s  which p o s se s s  
v e ry  h ig h  s p e c i f i c  s t r e n g t h  among t h e i r  o t h e r  a t t r a c t i v e  f e a t u r e s  
a r e  c u r r e n t l y  b e in g  c o n s id e re d  f o r  w ide r  a p p l i c a t i o n .
f o r m a l l y ,  t h e  s t r o n g  r e i n f o r c e m e n t  f i b r e s  a r e  embedded i n  a 
s o f t e r  m a t r i x  so t h a t  th e  f i b r e s  become the  m a jo r  l o a d  c a r r y i n g  
e lem en t  and the  m a t r i x  a c t s  a s  a lo a d  t r a n s m i t t i n g  medium. High 
s t r e n g t h  l e v e l s  a r e  p o s s i b l e  i f  c o n t in u o u s  f i b r e s  a r e  employed, 
e l i m i n a t i n g  the  s t r e s s  c o n c e n t r a t i o n s  t h a t  would o c c u r  a t  the  cu t  
ends o f  th e  f i b r e s , The e f f i c i e n c y  o f  th e  s t r u c t u r e  may be 
i n c r e a s e d  by th e  a p p r o p r i a t e  o r i e n t a t i o n  o f  th e  f i b r e s  a lo n g  the  
d i r e c t i o n  i n  which maximum s t r e n g t h  i s  r e q u i r e d .  I n  s t r u c t u r e s  
where t h i s  i s  n o t  p o s s i b l e ,  p l a c i n g  th e  f i b r e s  a t  some a.ngle to  
th e  p r i n c i p a l  s t r e s s  and v a r y i n g  the  an g le  between l a y e r s  p e rm i t s  
a  b a la n c e d  s t r u c t u r e  to  be a c h i e v e d .
T e c h n i c a l l y ,  the  com plex i ty  o f  m u l t i - p h a s e  sys tem s  only  
became a p p a r e n t  w i th  t ime and meanwhile ,  i n v e s t i g a t i o n s  were c a r r i e d  
o u t  which i n  r e t r o s p e c t  o f t e n  were seen  to  l a c k  c o n t r o l  over  
v a r i a b l e s .  Uver a l a r g e  ran g e  o f  p r o p e r t i e s ,  th e  s h o r t  term 
b e h av io u r  o f  g l a s s - r e s i n  com pos i tes  can ue a c c o u n te d  f o r  i n  te rms of 
t h e  p r o p e r t i e s , r e l a t i v e  q u a n t i t i e s  and geometry o r  o r i e n t a t i o n  o f  
t h e  r e i n f o r c e m e n t , The lo n g  term p r o p e r t i e s  a r e  c o m p l ic a te d  by the  
c r e e p  b e h a v io u r  o f  th e  r e s i n .  At the  p r e s e n t  s t a g e  o f  development ,  
a ' l a r g e  range  o f  d e s i r a b l e  m e c h a n i c a l , e l e c t r i c a l ,  chemica l  and 
o t h e r  p r o p e r t i e s  can be o b t a i n e d ,  however the  v e r y  e x i s t e n c e  of  a
l a r g e  range  o f  p o s s i b l e  ways of  combining g l a s s  f i b r e s  and r e s i n s ,  
th e  a v a i l a b l e  c h o ice  o f  g l a s s  f i b r e  c o m p o s i t io n s  and r e i n f o r c i n g  
m a t e r i a l s  and  th e  l a r g o  number o f  r e s in s . ,  makes a c l e a r  u n d e r s t a n d ­
in g  o f  t h e  d e s i g n  r e c u i r e m e n t s  and hov; to  o b t a i n  them more c r u c i s h  
th a n  w i th  t r a d i t i o n a l  m a t e r i a ] s .
F i l am e n t  w ind ing  t h e n ,  i s  a p r o c e s s  f o r  fo rm in g  r e i n f o r c e d  
p l a s t i c  p a r t s  of  h ig h  s t r e n g t h  and l i g h t  w e ig h t  and i s  c a r r i e d  ou t  
on a s p e c i a l l y  d e s ig n e d  machine vfne.re th e  p r e c i s e  c o n t r o l  of  th e  
w in d in g  p a t t e r n  and o r i e n t a t i o n  o f  th e  f i l a m e n t s  r e q u i r e d  f o r  
maximum s t r e n g t h  can be a c h i e v e d .  The d e s ig n  o f  such  a machine 
has  formed p a r t  o f  th e  p r e s e n t  work.
F i l a m e n t  w ind ing  has  th e  advan tag e  t h a t  a  f i b r e  can be 
o r i e n t e d  to  g iv e  the  component b o t h  h ig h  s t r e n g t h  and s t i f f n e s s  i n  
th e  d i r e c t i o n s  r e q u i r e d  and i s  o f  p a r t i c u l a r  use  f o r  s u r f a c e s  o f  
r e v o l u t i o n .  Design a n a l y s i s  d i c t a t e s  th e  w in d in g  p a t t e r n  employed 
and a  rev iew  o f  th e  method o f  a n a l y s i s  o f  f i l a m e n t  wound s t r u c t u r e s  
i s  made. Winding p ro c e d u re s  e x e r c i s e  g r e a t  im p o r tan c e  i n  th e  
f i n a l  s t r e n g t h  o f  the  end i t e m .  A t t e n t i o n  i s  p a i d  to  t h i s  a s  
p a r t  o f  w ind ing  and a s p e c i a l  s tu d y  i s  made o f  th e  problem o f  v/ind- 
i n g  i n  th e  v i c i n i t y  o f  th e  ends o f  a c y l i n d r i c a l  tube  w i th o u t  
d i s r u p t i o n  o f  th e  v/ind in g  p a t t e r n .
As th e  f i l a m e n t  wound v e s s e l  may c o n s i s t  o f  moniy l a y e r s  o f  
d i f f e r e n t  f i l a m e n t  o r i e n t a t i o n  and i s  i n  g e n e r a l  a n i s o t r o p i c  and 
h e t e r o g e n e o u s ,  t h e  measurement of  s t r a i n  t h e r e f o r e  p r e s e n t s  a  
p roblem.  S ince  th e  lo a d  c a r r y i n g  a b i l i t y  o f  a  f i l a m e n t a r y  
s t r u c t u r e  depends to  a  l a r g e  e x t e n t  on th e  l o a d i n g  c o n d i t i o n s  i n
th e  f i b r e s ,  a knowledge of  th e  s t r a i n  i n  the  s t r u c t u r e  i n  the  
d i r e c t i o n  o f  the  f i b r e s  v.-oui.d be d e s i r a b l e .  A s budy has  been 
made o f  th e  use  of  f i n e  r e s i s t a n c e  wire  i n t e g r a l l y  wound w i th  
th e  g l a s s  r e i n f o r c e m e n t  d u r i n g  m anufac tu re  o f  th e  member f o r  t h i s  
pu rp o se .
I n t e r n a l  p r e s s u r e  t e s t s  were perform ed on t h r e e  hoop wound 
tu b e s  u s i n g  t e s t  a p p a r a t u s  d e s ig n e d  f o r  th e  purpose  to  a s s e s s  
e x p e r i m e n t a l l y  th e  u se  o f  t h i s  r e s i s t a n c e  w i re  and t o  de te rm ine  
some e l a s t i c  p r o p e r t y  d a t a  f o r  t l i i s  E - g l a s s  -  epoxy r e s i n  
f i l a m e n t  wound composi te  m a t e r i a l .
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q u a n t i t y  d e f i n e d  i n  Appendix 3
n o n -d im e n s io n a l  modular r a t i o s  d e f i n e d  i n  e q u a t i o n  (2 .18 )
V s u r f a c e  e ne rgy
P o i s s o n ’s r a t i o  
p d e n s i t y
e l e c t r i c a l  r e s i s t i v i t y  
O s t r e s s
T s h e a r  s t r e s s
time
(ÿ r o t a t i o n a l  a n g le  d o f inod  i n  Appendix 2
X change o f  c u r v a t u r e
S u b s c r i p t s 
a  a x i a l
c c i r c u m f e r e n t i a l
f  f i b r e
h h e l i c a l
. t h  -I1 1 l a y e r
1 l o n g i t u d i n a l
I s  l e ad s c re w
m m a t r i x
mandre l  
o , e  odd, even  l a y e r s
x ,y  component d i r e c t i o n s
w w ire
L,T d i r e c t i o n a l  components a l o n g  and t r a n s v e r s e  t o  f i b r e
I j H  components i n  th e  p r i n c i p a l  d i r e c t i o n s  o f  a  h e l i c a l  l a y e r ,
CHAPTJLR I  F i l ament Winding
F i l a m e n t  w in d in g  i s  a f a b r i c a t i o n  t e c h n i q u e  f o r  fo rm ing  
r e i n f o r c e d  p l a s t i c  p a r t s  of  h ig h  s t r e n g t h  and l i g h t  w e ig h t ,  t h e  
c o n s t r u c t i o n  and p r o p e r t i e s  o f  which can be c o n t r o l l e d  t o  v e r y  f i n e  
l i m i t s .  The s t r u c t u r e s  so formed a re  a p a r t i c u l a r  example o f  th e  
new c l a s s  o f  m a t e r i a l s  i n  th e  f i e l d  o f  m a t e r i a l s  s c i e n c e  b r o a d l y  
te rmed Composite M a t e r i a l s .  A composi te  m a t e r i a l  may be d e f in e d  
a s  a s o l i d  which i s  made by p h y s i c a l l y  combining  two or  more 
e x i s t i n g  m a t e r i a l s  to  p roduce  a m u l t i p h a s e  system w i th  d i f f e r e n t  
p h y s i c a l  p r o p e r t i e s  from th e  c o n s t i t u e n t  m a t e r i a l s . I n  t h e  c a se  
o f  f i l a m e n t  w in d in g s ,  th e  composi te  s t r u c t u r e  i s  made by e x p l o i t ­
i n g  th e  r e m a rk a b le  s t r e n g t h  p r o p e r t i e s  e x h i b i t e d  by c o n t in u o u s  
f i b r e s  o r  f i l a m e n t s  o f  r e i n f o r c e m e n t  m a t e r i a l s  en cased  i n  a m a t r i x  
o f  some o t h e r  m a t e r i a l .
This  system th u s  i s  one o f  two c o n t in u o u s  p h a se s  i . e .  m a t r i x  
and r e i n f o r c e n i e n t , u n l i k e  f o r  example th e  o t h e r  end o f  the. spec t rum  
where t h e  m a t r i x  p r o v i d e s  a c o n t in u o u s  phase  and t h e  r e i n f o r c e m e n t  
a  d i s p e r s e d  p h ase ,  a s  i n  r e s i n s  i n c o r p o r a t i n g  chopped s t r a n d  g l a s s  
m ats .  The h ig h  s t r e n g t h  t o  w e ig h t  r a t i o  o f  f i l a m e n t  wound 
s t r u c t u r e s  i s  a t t r i b u t a b l e  l a r g e l y  t o  t h e  r e i n f o r c e m e n t  w h i le  th e  
m a t r i x  i s  v e r y  i m p o r t a n t  i n  d e f i n i n g  th e  r e s p o n s e  o f  th e  composi te  
m a t e r i a l  t o  a p p l i e d  lo a d  c o n d i t i o n s .
Of th e  p o t e n t i a l  r e i n f o r c i n g  e lem en ts  o f  i n t e r e s t  t h a t  can  be 
e x p e c te d  t o  be a v a i l a b l e  as  f i b r e s  i n  a t  l e a s t  e x p e r im e n t a l  
q u a n t i t i e s  i n  th e  f u t u r e ,  th e  m a j o r i t y  have  v a l u e s  o f  Young’ s
Modulus E i n  the  ran g e  4O-6O x 10^ l b / i n ^  a l t h o u g h  v a l u e s  o f
E g r e a t e r  th a n  100x10^ l b / i n ^  a r e  p o s s i b l e .  The most
a v a i l a b l e  and p roven  r e i n f o r c e m e n t s ,  t u n g s t e n , s t e e l , g l a s s  and
c a rbon ,  a r e  a l s o  th e  l e a s t  e f f i c i e n t  i n  s p e c i f i c  te rms w i th  
E /v a l u e s  o f  / p  o f  l e s s  th a n  100 where p i s  th e  d e n s i t y .  The 
h i g h e s t  r a t i o s  a r e  f o r  th e  c u r r e n t l y  a v a i l a b l e  f i b r e s  of  e lem en ts  
such  as  b o ro n ,  g r a p h i t e  and b e r y l l i u m  and some r e f r a c t o r i e s  such 
a s  a lu m in a ,  s i l i c o n  c a r b i d e  and b e r y l l i u m  o x id e .  Although ^ /p  
r a t i o s  o f  over  1 ,0 0 0  a r e  p o s s i b l e ,  th e  p roblems o f  r e l i a b i l i t y  and
c o n s i s t e n c y  o f  p r o p e r t i e s  have  t o  be r e c o g n i s e d .  E l a s t i c  p r o p e r t y
d a t a  q u o te d  i n  r e f e r e n c e s  a r e  based  on some s p e c i f i c  t e s t  con­
d i t i o n s  and must be viewed w i th  c a u t i o n .  Aside  from t u n g s t e n  and 
s t e e l ,  t h e  d e n s i t i e s  o f  most f i b r e s  f a l l  i n  th e  range  0 ,06?  -  0 ,145  
I b / i n ^ .  I n  g e n e r a l  te rm s ,  th e  v a r i a t i o n  of s t r e n g t h  v a l u e s  f o r  
w i r e  may be 5 -  10^ f o r  any one d i a m e te r  which a r e  f a i r l y  c o n s i s t ­
e n t  and r e l i a b l e  p r o p e r t i e s  compared t o  th e  s u r f a c e  and s t r u c t u r a l  
d e f e c t s  found i n  many w h i s k e r s .  ( R e f : l )
G la ss  and boron  a r e  th e  two s t r o n g e s t  common f i b r e s  a v a i l a b l e  
i n  l a r g e  q u a n t i t i e s .  G la ss  i s  in e x p e n s iv e  and low i n  d e n s i t y ,  
s t i f f ,  c h e m i c a l l y  r e s i s t a n t  and c ap a b le  o f  m o d i f i c a t i o n  i n  
c o m p o s i t i o n .  G lass  however does  s u f f e r  from s t a . t i c  f a t i g u e  i . e .  
l o s s  o f  s t r e n g t h  when s t r e s s e d  f o r  lo n g  i n t e r v a l s  o f  t im e .  Boron 
matches  g l a s s  i n  s t r e n g t h  p r o p e r t i e s  b u t  i s  f i v e  t im es  s t i f f e n ,  
o n ly  b e i n g  e q u a l l e d  by b e r y l l i u m  whose t e n s i l e  s t r e n g t h  i s  however 
much l e s s .
S t e e l  w ire  h a s  been s t u d i e d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  o f  
.6 X 10^ I b / i n ^  w i th  a v a lu e  f o r  Young’ s Modulus o f  26-50 x 10^ l b / i n ^
f o r  a  0 , 003" w i r e  have been  o b t a i n e d .  These v i r e s  a r e  n o t  
u n u s u a l l y  b r i t t l e  n o r  p rone  to  a b r a s i v e  damage end so may be more . 
e a s i l y  p r o c e s s e d  f o r  f i l a m e n t  w ind ing  th a n  g l a s s  f o r  example,
V/ith c a r e f u l  c h o ic e  o f  matching: m a t r i x  system 7Of? o f  th e  U.ThS. o f  
th e  f i b r e  has  been  r e a l i s e d  by th e  composi te  so fo rmed.  ( R e f : 2 ) ,
I n  t h e  c o u rse  o f  t h i s  s t u d y ,  u se  o n ly  ha.s been  made o f  E - g l a s s  
f i b r e s  a s  r e i n f o r c e m e n t  and epoxy r e s i n  as  a b i n d e r  and each  phase  
o f  th e  com pos i te  m a t e r i a l  formed by the  w ind ing  p r o c e s s  w i l l  now 
be c o n s i d e r e d  w i th  s p e c i a l  r e f e r e n c e  to  an E - g l a s s  -  epoxy r e s i n  
sys tem .
I n  r e a l i t y ,  g l a s s  r e s i n  systems must be c o n s i d e r e d  t o  be a 
m u l t i p h a s e  sys tem s i n c e  th e y  i n c o r p o r a t e  n o t  o n ly  t h e  two main 
p h a se s  (g la .ss  and r e s i n )  b u t  a l s o  th e  " i n t e r p h a s e "  c o n s i s t i n g  o f  
t h e  g l a s s  and r e s i n  s u r f a c e s  and th e  k e y in g  a g e n t  ( a l s o  known as 
t h e  " f i n i s h "  o r  " s i z e " )  be tween them.
The I n d i v i d u a l  P hases  ( k e f :  3 )
R e in fo rc em e n t
N e a r l y  a l l  m a t e r i a l s  i n  t h e  form o f  f i b r e s  e x h i b i t  th e  
i n c r e a s e d  s t r e n g t h  and t h e  same dependence  o f  s t r e n g t h  on s i z e .  
However t h e r e  may be s e v e r a l  d i f f e r e n t  r e a s o n s  f o r  t h i s  and a c l e a r  
d i s t i n c t i o n  must be made between b r i t t l e  and d u c t i l e  m a t e r i a l s .  
D u c t i l e  s o l i d s  show an i n c r e a s e  i n  y i e l d  s t r e n g t h  w i th  d e c r e a s i n g  
s i z e ,  drawn w i r e s  e x l i i b i t i n g  v e r y  h ig h  s t r e n g t h s  and showing a  marked 
s i z e  e f f e c t .  I n  t h i s  c a s e ,  t h i s  i s  a s s o c i a t e d  w i th  th e  deg ree  o f  
c o ld  work t h a t  can be a ch ie v e d  and the  shape o f  p r e c i p i t a t e  p a r t i c l e s  
p roduced  by t h e  w i r e  d u r i n g  th e  drawing p r o c e s s .  A nnea l ing  markedly
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r e d u c e s  t h i s  s t r e n g t h .  The y i e l d  and f low  s t r e s s e s  a r e  de te rm in ed  
by th e  d e n s i t y  and d i s t r i b u t i o n  o f  d i s l o c a t i o n s .  As th e  d e n s i t y  
o f  th e  d i s l o c a t i o n s  i n c r e a s e s ,  t h e i r  i n t e r a c t i o n s  become g r e a t e r  
and th e  y i e l d  o r  f low  s t r e s s  r i s e s .  Y ie ld  s t r e s s e s  o f  O.OIE t o
O.O5E have been  r e p o r t e d  f o r  e x t r e m e ly  co ld  worked w i r e s  which had 
10^^ -  10^"^ d i s l o c a t i o n s  p e r  cm^, (Refs l )
I n  b r i t t l e  s o l i d s ,  however ,  such  as  g l a s s ,  i t  i s  w e l l  
e s t a b l i s h e d  t h a t  th e  s t r e n g t h  i s  governed  by th e  d i s t r i b u t i o n  and 
s e v e r i t y  o f  s u r f a c e  d e f e c t s .  The s i z e  e f f e c t  i n  g l a s s  f i b r e s  has  
been  d e m o n s t r a t e d  many t im es  and i s  a t t r i b u t e d  to  t h e  d e c r e a s i n g  
number o f  s u r f a c e  d e f e c t s  as  t h e  s u r f a c e  a r e a  i s  d e c r e a s e d .  ( i t  
i s  now r e c o g n i s e d  t h a t  b r i t t l e  m a t e r i a l s  i n  b u lk  form can be made 
t o  s u s t a i n  s i m i l a r  s t r e s s e s  t o  t h i n  f i b r e s  i f  s u r f a c e  d e f e c t s  a r e  
c a r e f u l l y  e t c h e d  and p o l i s h e d  away).  I n  b r i t t l e  s o l i d s ,  t h e r e f o r e ,  
i n t e r n a l  p e r f e c t i o n  i s  n o t  n e c e s s a r y  f o r  h ig h  s t r e n g t h ,  G r i f f i t h s  
a s c r i b e d  th e  f r a c t u r e  s t r e n g t h s  o f  a s o l i d  to  s t r e s s  d i s t r i b u t i o n s  
round a f l a w  o r  c r a c k  e s t i m a t e d  of  th e  o r d e r  o f  5 t-iin, lo n g  unde r  
p l a n e  s t r a i n  and p l a n e  s t r e s s  c o n d i t i o n s .  I f  O i s  the  a p p l i e d  
s t r e s s  and 2c i s  t h e  m ajo r  a x i s  o f  th e  c r a c k ,  th e n  th e  s t r e s s  v a l u e
f o r  growth  o f  t h e  c r a c k  i n  t e n s i o n  was g iv e n  by ^  ~
where v i s  th e  s u r f a c e  e n e r g y .  Thus i t  shou ld  be p o s s i b l e  to  
o b t a i n  h i g h e r  s t r e n g t h s  f o r  g l a s s  f i b r e s  (where c i s  s m a l l )  th a n  f o r  
b u lk  g l a s s .
The i m p o r t a n t  consequence  o f  t h i s  t h e o r y  i s  t h a t  f r a c t u z ’e 
s t r e n g t h  depends  on p r o b a b i l i t y  t h a t  f o r  any g iv e n  a p p l i e d  s t r e s s  a 
f l a w  o f  s u f f i c i e n t  s i z e  i s  a l r e a d y  p r e s e n t  -  hence  im p ly in g  the  v e r y
l a r g e  s c a t t e r  o f  obse rved  s t r e n g t h s  o f  c e r a m i c s , and some po ly m er ic  
m a t e r i a l s ,  i s  an i n l i e r e n t  p r o p e r t y  o f  th e  m a t e r i a l  and i s  n o t  due 
t o  e x p e r im e n t a l  v a r i a t i o n s .  A t tem pts  have been made to  d eve lop  a 
s t a t i s t i c a l  t h e o r y  o f  s t r e n g t h  based  upon th e  a ssu m p t io n  t h a t  th e  
number o f  dangerous  f law s  i s  a f u n c t i o n  o f  spec imen volume or 
s u r f a c e  a r e a ,  b u t  a s  t h i s  r e l a t i o n  depends  on such  f a c t o r s  as 
f a b r i c a t i o n  and h a n d l i n g  h i s t o r y ,  e t c . ,  i t  i s  u n l i k e l y  any g e n e r a l ­
i s e d  t h e o r y  can be made t o  h o ld  f o r  a l l  m a t e r i a l s .
The o r i g i n  o f  t h e s e  f l a w s  i s  d o u b t f u l ; b u t  i t  i s  c l e a r  t h a t  
a t  th e  g l a s s  s u r f a c e  th e  i n t e r - a t o m i c  f o r c e s ,  a t  app rox im a te  
e q u i l i b r i u m  w i t h i n  th e  s o l i d ,  ten d  t o  r e a r r a n g e  to  re d u c e  s u r f a c e  
f r e e  en e rg y  to  a minimum and owing to  t h e  n a t u r e  o f  gdass-maiking 
t h e  e x t e n t  t o  which t h i s  w i l l  t a k e  p l a c e  i s  a t ime and t e m p e r a t u r e  
f u n c t i o n .
To e x p l a i n  t h i s  i t  i s  n e c e s s a r y  to  c o n s i d e r  what g l a s s  i s ,
A g l a s s  may be d e f i n e d  as  an i n o r g a n i c  s u b s t a n c e  i n  a c o n d i t i o n  
which i s  c o n t in u o u s  w i th  and ana logous  t o ,  th e  l i q u i d  s t a t e  o f  t h a t  
s u b s t a n c e ,  b u t  which,  as a r e s u l t  o f  a r e v e r s i b l e  change i n  v i s c o s i t y  
d u r i n g  c o o l i n g  has  a t t a i n e d  so h ig h  a d e g re e  o f  v i s c o s i t y  as  t o  be 
f o r  a l l  p r a c t i c a l  p u rp o s e s  r i g i d .  The s t r u c t u r e  o f  g l a s s  i s  
t h e r e f o r e  comparable  to  t h a t  o f  a l i q u i d  i n  tha .t  i t  p o s s e s s e s  s h o r t ­
te rm b u t  no lo n g - t e r m  o r d e r  and c o r r e sp o n d s  t o  t h e  s t r u c t u r e  o f  th e  
l i q u i d  a t  some e l e v a t e d  t e m p e r a t u r e .  This  " c o n f i g u r a t i o n "  
t e m p e r a t u r e  depends  on t h e  r a t e  o f  c o o l i n g  from th e  l i q u i d  s t a t e  and 
th e  s t r u c t u r e  o f  g l a s s e s  and t h e r e f o r e  t h e i r  p r o p e r t i e s  c an n o t  be 
d e f i n e d  by chem ica l  co m p o s i t io n  a l o n e ,  th e  th e rm a l  h i s t o r y  has  t o  
be  i n c l u d e d .
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F i b r e s  a r e  quenched from th e  l i q u i d  s t a t e  to  a t e m p e r a t u r e  
where th e  s t r u c t u r e  i s  f i x e d  i n  a p p r o x im a te ly  10 seconds  ; making 
i t  p r o b a b l e  t h e r e f o r e  t h a t  t h e  f i b r e  s t r u c t u r e  i s  more homogeneous 
on th e  a tom ic  s c a l e  t h a n  t h a t  o f  b u lk  g l a s s .  T h i s  w i l l  red u ce  
t h e  s i z e  o f  and more e v en ly  d i s t r i b u t e  th e  s u r f a c e  f l a w s .  Thus 
s u r f a c e  c o n d i t i o n s  a r e  o f  dominant im por tance  b o th  f o r  th e  f i b r e  
i t s e l f  and f o r  t h e  m u l t i p h a s e  sys tem s i n c e  th e y  w i l l  i n f l u e n c e  th e  
a d h e s io n  between f i b r e s  and r e s i n  m a t r i x ,  and t h e r e f o r e ,  th e  
t r a n s f e r  o f  s t r e s s e s  from one f i b r e  t o  a n o t h e r .  S t u d i e s  have shov/n 
t h a t  f i b r e  s u r f a c e s  i n d e ed  have d i f f e r e n t  co m p o s i t io n  th a n  t h a t  of  
t h e  b u lk  g l a s s  from which i t  was d rawn, -  f o r  E g l a s s  th e  Na, A1 
and S i  c a t i o n s  b e i n g  a t  th e  s u r f a c e  a t  th e  expense  o f  th e  Ca i o n s .  
The r e s i d u a l  b o nd ing  f o r c e s  o f  th e  i o n s  i n  th e  s u r f a c e  a r e  s a t i s ­
f i e d  by th e  a d s o r p t i o n  o f  hydrogen  and h y ro x y l  i o n s  a t  th e  s u r f a c e  
and a d s o r p t i o n  o f  a d d i t i o n a l  w a te r  m o le c u le s  by hydrogen  bonding  
f u r t h e r  away from t h e  s u r f a c e .
The t h e o r e t i c a l  t e n s i l e  s t r e n g t h  o f  g l a s s  based  on i n t e r ­
a tom ic  f o r c e s  i s  4 % 10^ I b / i n ^ ,  Under normal ambien t  c o n d i t i o n s  
g l a s s e s  o t h e r  th a n  i n  f i b r o u s  form p o s s e s s  s t r e n g t h s  between 5 ,000 
and 30 ,000  l b / i n ^  w i t h  measurements  showing l a r g e  s c a t t e r .  T es ted  
i n  l i q u i d  n i t r o g e n  a t  "196*^0 E - g l a s s  f i b r e s  have e x h i b i t e d  s t r e n g t h s  
a p p r o a c h in g  10^ I b / i n ^  b u t  u n d e r  ambient  c o n d i t i o n s  im m ed ia te ly  
a f t e r  f i b r e - d r a w i n g  th e  s t r e n g t h  measured has  been 550,000  l b / i n  
vri th  a l /  c o e f f i c i e n t  o f  v a r i a t i o n .  While th e  s t r e n g t h  f i g u r e  
ap p e a r s  t o  be in d e p e n d e n t  o f  th e  d i a m e te r  o f  t h e  f i b r e  and th e  g l a s s  
d rawing  t e m p e r a t u r e ,  t h i s  i n i t i a l  f i b r e  s t r e n g t h  d e c r e a s e s
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i n s t a n t a n e o u s l y  i f  th e  f i b r e  c o n t a c t s  any o t h e r  body -  th e  s t r e n g t h
d ro p s  t o  abo u t  h a l f  w i t h  a l a r g e  deg ree  o f  s c a . t t e m  Exposure to
e l e v a t e d  t e m p e r a t u r e s  r e d u c e s  the  s t r e n g t h  and r a i s e s  t h e  d e n s i t y
i n d i c a t i n g  s t r u c t u r a l  changes  t a k i n g  p l a c e .  I t  i s  h e l d  t h a t  g l a s s
a lways  b r e a k s  i n  t e n s i o n  and t h e r e  i s  no r e a s o n  why t h i s  shou ld  n o t
a p p l y  t o  g l a s s  f i b r e s .  S t u d i e s  show t h a t  f o r  undamaged f i b r e s ,  a
s t r e s s  c o r r o s i o n  mechanism w i l l  a cco u n t  f o r  th e  r e l a t i o n s h i p
between f i b r e  t e n s i l e  s t r e n g t h ,  t e m p e r a t u r e ' a n d  t ime t o  f a i l u r e .
The a p p a r e n t  a c t i v a t i o n  energy  o f  th e  f a i l u r e  p r o c e s s  o f  18 .8  K c a l /
*1*mole c o r r e s p o n d s  to  t h e  a c t i v a . t i o n  energy  f o r  Na d i f f u s i o n  i n  the  
g l a s s .
The b e h a v i o u r  o f  g l a s s  f i b r e s  obeys Hooke 's  Law and c re ep  i s  
n e g l i g i b l e .  F o r  a l l  p r a c t i c a l  p u rp o se s  gla .ss i s  a  p e r f e c t l y  
e l a s t i c  m a t e r i a l . The v a lu e  o f  modulus i s  low er  t h a n  t h a t  o f  b u lk  
g l a s s  f o r  t h e  same c o m p o s i t io n  and i n c r e a s i n g  th e  c o n f i g u r a t i o n  
t e m p e r a t u r e  d e c r e a s e s  Young 's  Modulus p r o g r e s s i v e l y .
D e n s i t y  o f  f i b r e s  o f  g l a s s  dravm from th e  m e l t  a t  1100° -  
1500°C i s  2^ 0 below t h a t  f o r  a n n e a le d  b u lk  g l a s s  b u t  i s  a p p ro x im a te ly  
t h e  same i f  f i b r e s  a r e  drav/n by s o f t e n i n g  and a t t e n u a t i o n  a t  abou t  
700° “ SOO°G from g l a s s  r o d s .  This  f u r t h e r  i n d i c a t e s  the  
im p o r tan c e  o f  th e  c o n f i g u r a t i o n  t e m p e ra t u re  i n  i n f l u e n c i n g  th e  
p r o p e r t i e s .
M a t r i x
S in ce  t h e  a v a i l a b l e  s u r f a c e  f o r c e s  on g l a s s  f i b r e s  a r e  
r e d u c e d  by a d s o r p t i o n  o f  w a t e r ,  l i n k i n g  between r e s i n  and g l a s s  must 
p ro c e e d  e i t h e r  by th e  d i s p l a c e m e n t  o f  th e  adso rbed  w a te r  l a y e r  and
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d i r e c t  c o n t a c t  be tween  th e  r e s i n  and g l a s s ,  o r  a l t e r n a t i v e l y ,  by 
a d h e s io n  v i a  th e  l a y e r s  o f  adso rbed  w a te r .  The f i e l d  o f  r e s i n s  
h a s  been  w e l l  documented and o n ly  a b r i e f  comment i s  r e q u i r e d  h e r e .  
B a s i c a l l y  a l i n e a r  polymer i s  formed which c o n t a i n s  t h e  e t h y l e n e  
oxide  group which because  o f  i t s  r e a c t i v i t y  w i th  w a te r  i s  r e s p o n s ­
i b l e  f o r  th e  e x c e l l e n t  a d h e s io n  o f  ep o x id es  t o  th e  g l a s s  s u r f a c e s .  
They may a l s o  c o n t a i n  double  bonds .  The polymers  a l s o  c o n t a i n  
hydroxy  g ro u p s ,  which upon r e a c t i o n  w i th  th e  n e c e s s a r y  chemica l  
h a r d e n e r s  i n i t i a t e  th e  c r o s s  l i n k i n g  between th e  c h a i n s .
The s t r e n g t h  o f  r e s i n s  i s  a f u n c t i o n  o f  t e m p e r a t u r e  and c u r i n g  
s c h e d u le .  Below a  c e r t a i n  t e m p e r a t u r e  f o r  each  sys tem ( t h e  
" t r a n s f o r m a t i o n "  t e m p e r a t u r e ) ,  r e s i n s  a r e  b r i t t l e  s o l i d s  and, 
s i m i l a r  t o  g l a s s e s ,  t h e  f a i l u r e  mechanism i s  f l a w  i n i t i a t e d .
Above t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e ,  t ime dependan t  e l a s t i c  and 
v i s c o u s  d e f o r m a t io n  p l a y  s i g n i f i c a n t  p a n t s ,  i n i t i a l l y  i n c r e a s i n g  
s t r e n g t h  as  t h e y  r e l i e v e  a r e a s  o f  h ig h  s t r e s s .  At even h i g h e r  
t e m p e r a t u r e s ,  t h e  s t r e n g t h  d e c r e a s e s  due t o  r e s i d u a l  i n t e r m o l e c u l a r  
f o r c e s ,
Keying  Agents
These a g e n t s  ( a l s o  known as  c o u p l in g  a g e n t s  o r  f i n i s h e s )  a r e  
o r g a n o -m e ta . l l i c  o r  o r g a n o - s i l i c o n  compounds a p p l i e d  t o  th e  f i b r e s  
t o  improve th e  s t r e n g t h  p r o p e r t i e s .  They a l l  a r e  c h a r a c t e r i s e d  
by p o s s e s s i n g  i )  an o r g a n ic  group which i s ,  a t  l e a s t  t h e o r e t i c a l l y ,  
c a p a b le  o f  r e a c t i n g  w i th  t h e  r e s i n  d u r i n g  c u re  and i i )  an a l k o x id e  
g roup  o r  c h l o r i d e  i o n s  which r e a c t  w i th  OH g roups  i n  th e  g l a s s  
s u r f a c e .
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I n v e s t i g a t i o n s  have shown t h a t  k e y in g  a g e n t s  a r e  n o t  
d e p o s i t e d  on th e  f i b r e s  a s  a f i l m  b u t  a r e  d i s p o s e d  a s  d i s c r e t e  
g l o b u l e s  a t t a c h e d  to  r e a . c t lv e  s i t e s  on th e  s u r f a c e ,  o f t e n  a micron  
a p a r t .  T h i s  l e a v e s  a r e a s  o f  g l a s s  exposed f o r  a . t t a ck  by th e  
s u r r o u n d i n g  medium which cou ld  reduce  th e  f i b r e  s t r e n g t h .  The 
a c t u a l  mechanics  o f  t h e i r  e f f e c t  on bond s t r e n g t h  i s  n o t  c l e a r  
e x c e p t  t h a t  t h e  k e y in g  a g e n t s  most l i k e l y  ad h e re  t o  th e  g l a s s  
s u r f a c e  v i a  t h e  hydrogen  bonds of  th e  adso rbed  w a t e r .
Composite M a t e r i a l
®ie f i l a m e n t  w ind ing  p r o c e s s  c o n s t i t u t e s  a t e c h n i q u e  f o r  
com bin ing  t h e s e  p h a se s  t o  make a composi te  m a t e r i a l .  F a i l u r e  
o f  t h i s  m a t e r i a l  depends on th e  a b i l i t y  o f  t h e  m a t r i x  to  l i m i t  
t h e  p e r t u r b a t i o n  o f  t h e  l o c a l  s t r e s s  f i e l d  p roduced  by th e  random 
b re a k a g e  o f  f i b r e s  o c c u r i n g  w e l l  below th e  u l t i m a t e  composi te  
s t r e n g t h  and on th e  f r e q u e n c y  o f  t h e s e  f i b r e  b r e a k s .  When 
f a i l u r e  o c cu r s  f i n a l l y ,  th e  r e s i n  m a t r i x  f a i l s  i n  s h e a r  be tween 
l a y e r s  o f  t h e  r e i n f o r c i n g  f i b r e s ,  fo l l o w e d  by th e  f r a c t u r e  of 
i n d i v i d u a l  f i b r e s .
F i l a m e n t  Wound Comnosi tes
F i l a m e n t  wound com pos i te s  have been  s u c c e s s f u l  i n  th e  p r o v i s i o n  
o f  u l t r a  h i g h  s t r e n g t h  m a t e r i a l s .  The p o t e n t i a l  m ech an ica l  
a d v a n ta g e s  o f f e r e d  a r e  r e l a t e d  to  com pos i tes  w i th  i )  a  h ig h  e l a s t i c  
modulus  e s p e c i a l l y  f o r  l i g h t ,  t h i n - w a l l  s t r u c t u r e s  i i )  a  h ig h  
t e n s i l e  s t r e n g t h .  The r e a l i s a t i o n  o f  even h i g h e r  t r a n s l a t i o n  
e f f i c i e n c i e s  o f  th e  f i b r e  p r o p e r t i e s  t o  th e  r e i n f o r c e d  com pos i te ,
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w i l l  p r o v id e  even more i n  the  f u t u r e  the  r e a l  encouragement to  
a p p ly  t h e s e  m a t e r i a l s  t o  h ig h  s t r e n g t h  s t r u c t u r a l  a p p l i c a t i o n s .  
Development
R e l i a b l e  work ing  s t r e n g t h  o f  m a t e r i a l s  a t  p r e s e n t  employed 
i n  s t r u c t u r e s  f o r  t h e i r  higli  s t r e n g t h  p r o p e r t i e s  a r e  l i m i t e d  by 
t h e  i n h e r e n t  to u g h n ess  or  î io tch  s e n s i t i v i t y  o f  t h e  m a t e r i a l s .  
Reduced w e ig h t  ( i n c r e a s e d  s t r e n g t h ) and improved r e l i a b i l i t y  
( i n c r e a s e d  t o u g h n e s s )  a r e  oppos ing  p r o p e r t i e s .  The sm a l l  
improvements  a c h i e v a b l e  by b e t t e r  fabx’i c a t i o n  a r e  n o t  s u f f i c i e n t  
t o  s a t i s f y  r e q u i r e m e n t s  f o r  v e s s e l s  o f  s t i l l  lower  w e i g h t , and i t  
i s  h e r e  t h a t  f i l a m e n t  wound s t r u c t u r e s  a r e  v a l u a b l e  i n  p r o v i d i n g
a s o l u t i o n . Vfnat i s r e q u i r e d  i s an improvement i n  th e s p e c i f i c
s t r e n g t h  and s t i f f n e s s r a t i o s .
M a t e r i a l p I b / i n ^ E Vo/±r? UTS I b / i n ^ E // p  i n . UTS,/ p  i n .
Aluminium 0*097 1 0 . 0x 10^ 6 . 00x 10 '^ 1 . 03x 10® 0 . 62x10^
A l lo y
T i tan ium 0 .1 6 0 1 7 . 0x10^ 9 . 00x 10^ 1 . 06x10® 0 . 56x10®
A llo y
S t e e l 0 .280 3 0 . 0x 10^ la .ooxio"^ 1 . 07x 10® 0 . 64x10®
N ic k e l  A l loy 0 .2 8 0 3 1 . 0x 10^ 1 6 . 00x10^ 1 . 11x 10® 0.57x10®
E g l a s s 0 .092 1 0 . 5x10^ 3 2 . 50x10 '^ 1.18x10® 3.54x10®
HTS-E g l a s s 0 .092 1 0 . 5x10^ 55»20x 10^ 1.18x10® 3.82x10®
Glass 0 .0 7 4 7 . 0x 10^ 1 6 , 35x 10^ 0.95x10® 2 . 20x 10®
Composite 
Boron f i b r e s 0 .091 6 4 . 0x 10^ 50 . 00x 10^ 7 . 00x 10® 5 . 50x 10®
Carbon f i b r e s 0 .051 2 9 . 0x 10^ 5 0 . 00x10^ 5 . 70x10® 9 . 90x 10®
( R e f s : 2,  4> 5)*
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I t  w i l l  be s een  from the  t a b l e  t h a t  v e r y  l i t t l e  d i f f e r e n c e  
e x i s t s  be tween th e  r a t i o s  f o r  th e  more common s t r u c t u r a l  m a . te r ia l s  
used* For  any s u b s t a n t i a l  improvement i n  m a t e r i a l  p r o p e r t i e s ,  
i t  was n e c e s s a r y  t o  c o n s i d e r  c o m p le te ly  new L i a t e r i a l s  f o r  s t r u c t u r a l  
components e . g .  com pos i te  m a t e r i a l s  u s i n g  h ig h  s t r e n g t h  r e i n f o r c e ­
m en ts .  From t h e  t e c h n o l o g i c a l  a s p e c t s ,  r e i n f o r c e d  p l a s t i c s  can 
compete w i t h  s t e e l  and t i t a n i u m  on a s t r e n g t h  t o  w e ig h t  b a s i s .
The co m b in a t io n  o f  E g l a s s  and epoxy r e s i n  to form a  h ig h  
s t r e n g t h  com pos i te  i s  p e rh ap s  f o r t u i t o u s .  E g l a s s  was deve loped  
i n  th e  1 9 2 0 ' s as  a  r e s u l t  o f  a r e q u i r e m e n t  f o r  an e l e c t r i c a l  
i n s u l a t i o n  t a p e  c a p a b le  o f  w i t h s t a n d i n g  h igh  t e m p e r a t u r e s . 
In d e p e n d en t  o f  t h i s ,  p a t e n t s  appea red  i n  th e  1 9 3 0 ' s f o r  t h e r m o s e t ­
t i n g  r e s i n s  which cou ld  be p o ly m e r i s e d  w i t h o u t  h e a t  and p r e s s u r e .  
Combined w i t h  th e  g l a s s  f i b r e s ,  a  h i g h - s t r e n g t h  l i g h t  w e ig h t  
m a t e r i a l  was p ro d u ced .  The f i l a m e n t  wind ing  p r o c e s s  was deve loped  
t o  e n ab le  d e s i g n e r s  to  t a k e  ad v an tag e  o f  th e  h i g h  t e n s i l e  s t r e n g t h  
o f  th e  r e i n f o r c e m e n t  a l o n g  th e  l e n g t h  o f  th e  f i b r e .  With  the  
a d v en t  o f  spa,ce r e s e a r c h  programmes where th e  h i g h  per fo rm ance  
p e n a l t i e s  e x a c t e d  by even a v e r y  sm al l  i n c r e a s e  i n  w e ig h t  o f  th e  
v e h i c l e  made th e  developm ent  o f  th e  most e f f i c i e n t  s t r e n g t h  t o  
w e ig h t  r a t i o  s t r u c t u r e s  o f  prime im p o r tan ce ,  t h e  i n t e r e s t  i n  the  
p o s s i b i l i t y  o f  u s i n g  t h e s e  h ig h  s t r e n g t h  p r o p e r t i e s  o f  f i l a m e n t s  
i n  a  p r e c i s e  manner t o  f a b r i c a t e  s t r u c t u r e s  whose p r o p e r t i e s  were 
e s s e n t i a l l y  t a i l o r e d  t o  s u i t ,  grew.
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F i l a m en t  Winding i n  P r e s s u r e  V e s s e l s
The r e q u i r e m e n t  i n i t i a l l y  was t o  d e s i g n  and f a b r i c a t e  
l i g h t w e i g h t  h i g h  s t r e n g t h  p r e s s u r e  v e s s e l s ,  and th e  b a s i c  d e s ig n  
method t o  o r i e n t  th e  f i b r e s  i n  the  d i r e c t i o n  o f  the  p r i n c i p a l  
s t r e s s e s  and p r o p o r t i o n  the  number o f  f i b r e s  w i th  r e s p e c t  to  the  
s i z e  o f  th e  s t r e s s e s ,  t o  t a k e  advan tage  of  the  o r t h o t r o p i c  
b e h a v io u r  o f  th e  r e i n f o r c e m e n t .  I n  s t r u c t u r e s  where i t  i s  
g e o m e t r i c a l l y  i m p o s s i b l e  t o  o r i e n t  the  f i b r e s  p r e c i s e l y  i n  th e  
d i r e c t i o n  o f  t h e  p r i n c i p a l  s t r e s s ,  th e y  a r e  o r i e n t e d  a t  some a n g le  
w i th  i t .  Hie aim i s  t o  a c h ie v e  a b a la n c e d  s t r u c t u r e  u n d e r  l o a d ,
i . e .  one i n  which th e  f i b r e s  o r i e n t e d  i n  any d i r e c t i o n  i n  the  
s t r u c t u r e  have e q u a l  s t r e s s  a p p l i e d  to  them un d e r  a l o a d .  I n  
t h e  a n a l y s i s  o f  r e i n f o r c e d  p l a s t i c s ,  i t  i s  n e c e s s a r y  to  assume t h a t  
t h e  two m a t e r i a l s  s t r a i n  e q u a l l y  and th u s  t h a t  a  good bond i s  
o b t a i n e d  between g l a s s  and r e s i n .
To meet th e  r e q u i r e m e n t  f o r  f i l a m e n t  wound p r e s s u r e  v e s s e l s ,  
t h e  n e t t i n g  a n a l y s i s  was d eve loped  to  e n ab le  v e s s e l s  to  be d e s ig n e d  
a c c o r d i n g  t o  a p p l i e d  l o a d i n g .  I n  t h i s  ap p ro ach ,  s e v e r a l  a s sum pt ions  
were made. i )  The g l a s s  and r e s i n  were b o th  homogeneous and 
e l a s t i c .
i i )  Hie g l a s s  was a n i s o t r o p i c .
i i i )  The r e s i n  was assumed t o  have no lo a d  c a r r y i n g  a b i l i t y ,  a c t i n g  
on ly  as  an a g e n t  f o r  e v e n ly  t r a n s m i t t i n g  the  s t r e s s  th ro u g h o u t  the  
f i l a m e n t  wound s t r u c t u r e .
i v ) .  The maximum a l lo w a b l e  s t r a i n  o f  th e  r e s i n  was g r e a t e r  th a n  
t h a t  o f  th e  g l a s s  f i b r e .
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Tho "basis o f  t h i s  t h e o r y  may be shovm as f o l l o w s .  (Ref:  6) 
C o n s id e r  a sys tem  o f  p a r a l l e l  f i b r e s  as  shown i n  th e  f i g u r e .
%
I t  i s  r e q u i r e d  to  c a l c u l a t e  th e  f o r c e  p e r  u n i t  l e n g t h  i n  the  
1 and 2 d i r e c t i o n s .  L e t  be th e  number o f  f i b r e s / u n i t  l e n g t h
normal t o  th e  l i n e  AG and l e t  T -  th e  t e n s i o n  i n  each  f i b r e .  T 
may be r e s o l v e d  i n t o  components i n  th e  1 and 2 d i r e c t i o n s .
T- Tcos cm
Tg -  T s in a^
The number o f  f i b r e s / u n i t  l e n g t h  c r o s s i n g  th e  l i n e s  AB and BO a r e  
n  COS& and n s i n o ,  . T h e re fo re  the  f o r c e  p e r  u n i t  l e n g t h  i n  theO O
1 and 2 d i r e c t i o n s  i s  -given by
Nn = nT COS CO.
= nT s i n ^ a
( 1 . 1 )
These e q u a t i o n s  were t h e  fm rdsm enta l  e q u a t i o n s  from which th e  end 
dome sh ap e s  o f  t h e  v e s s e l s  and th e  w ind ing  p a t t e r n  c o u ld  be o b t a i n e d .  
There  were t h r e e  p o i n t s  to  n o t e  i n  the  u se  o f  th e  n e t t i n g  a n a l y s i s .
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l )  The f o r c e s  end ^ ^ r e  n o t  in d e p en d e n t  h u t  a r e  r e l a t e d
Lp ?
by th e  w ind ing  a n g le  —  == t a n  a  ( l . 2 )
v e s s e l
This  r e q u i r e d  th e  shape and f i l a m e n t  p a th  i n  t h e  p r e s s u r e ^ t o  be 
such t h a t  t h i s  r e l a t i o n s h i p  between th e  p r i i i o i p a l  ïnembrane f o r c e s  
and h e l i x  an g le  was s a t i s f i e d ,
2 ) S in ce  th e  t e n s i o n  i n  each  f i b r e  i s  assumed t o  be c o n s t a n t  
and th e  r e s i n  s t r e n g t h  i s  n e g l e c t e d ,  th e  f i l a m e n t  p a t h s  must l i e  
on g e o d e s i c  p a t h s ,
3 ) h e t  s t r u c t u r e s  were s t a t i c a l l y  d e t e r m i n a t e  and no e l a s t i c  
c o n s t a n t s  were n e c e s s a r y  to  d e te r m in e  s t r e s s e s .
I n  a t h i n - w a l l e d  c i r c u l a r  c y l i n d r i c a J .  p r e s s u r e  v e s s e l ,  i f  d i r e c t i o n s  
1 and 2 r e p r e s e n t ■th e  l o n g i t u d i n a l  and hoop d i r e c t i o n s ,  unde r  
i n t e r n a l  p r e s s u r e  l o a d i n g ,  th e  hoop s t r e s s  i s  tw ic e  th e  l o n g i t u d i n a l  
s t r e s s .  T h e r e f o r e  i n  o r d e r  t o  o b t a i n  th e  t h e o r e t i c a l  maximum 
s t r e n g t h  t o  w e igh t  r a . t i o ,  t a n ^ a ^  = 2 i . e .  54*75^> and a
w ind ing  p a t t e r n  s h o u ld  be employed u s i n g  t h i s  h e l i x  a n g l e .  O r i g i n a l  
v e s s e l s  were made w i t h  t h i s  a n g le  o f  wind employed b u t ,  as  d e s ig n  
models ev o lved  and s t r u c t u r a l  t e s t s  were c o n d u c ted ,  i t  was found 
t h a t  i n  o r d e r  t o  a c h ie v e  th e  maximum e f f i c i e n c y  d i f f e r e n t  w ind ing  
p a t t e r n s  had t o  be u s e d .  The most s e r i o u s  d i s a d v a n t a g e  o f  th e  
n e t t i n g  a n a l y s i s  was t h a t  i n  many p r a c t i c a l  c a s e s  i t  was im p o ss ib ly  
t o  wind on g e o d e s i c  p a t h s  a t  t h e  d e s i r e d  an g le  from g e o m e t r i c a l  
c o n s i d e r a t i o n s , e . g .  when th e  p o l a r  open ings  had d i f f e r e n t  r a d i i .  
Three  methods  of  w ind ing  emerged i n  th e  c o u rse  o f  deve lopm ents  -  
p o l a r ,  c i r c u m f e r e n t i a l  and h e l i c a l .
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P o l a r  w ind ing  i s  i n  e f f e c t  a  low h e l i x  a n g le  wind de te rm ined  
hy th e  end opening: d im e n s io n s .  The r a v i n g s  a r e  l a i d  dovm 
c o n t i n u o u s l y  w i th o u t  th e  c r o s s o v e r s  i n h e r e n t  i n  a h e l i c a l  p a t t e r n .
The p o l a r  w ind ing  c r e a t e s  the  b a s i c  end domes, and p r o v i d e s  th e  
l o n g i t u d i n a l  s t r e n g t h  r e q u i r e d .  I n  c o n j u n c t i o n  w i th  p o l a r  w in d in g s ,  
h ig h  a n g le  (1^0^)  hoop w ind ings  a r e  a p p l i e d  t o  p r o v i d e  t h e  n e c e s s a r y  
hoop s t r e n g t h  p r o p e r t i e s .  These may a l s o  be added as  l o c a l  hoop 
r e i n f o r c e m e n t  to  a r e a s  wliere e x t r e m e ly  h i g h  hoop s t r e n g t h  p r o p e r t i e s  
a r e  r e q u i r e d .  H e l i c a l  w ind ing  a t  34*75^ can  be r e p l i e d  i n  p l a c e  of  
b o th  th e  hoop and p o l a r  w inds .  The t h r e e  t y p e s  o f  w ind ing  a r e  
shown d i agraiïimati c a l l y  be 1 o\i,
H O O P  HELICAL
The a c t u a l  d e s i g n  p a t t e r n  t o  be used  i s  dependen t  on f a c t o r s  such  as 
o v e r a l l  d im e n s io n s ,  ty p e s  o f  end c l o s u r e s ,  m a t e r i a l s  o f  c o n s t r u c t i o n ,  
ty p e  o f  w ind ing  machine and lo a d  r e q u i r e m e n t s .  For  th o se  
a p p l i c a t i o n s  where i n t e g r a l  ends a r e  r e q u i r e d  or  where b a la n c e d  
p r o p e r t i e s  i n  more th a n  one d i r e c t i o n  a re  r e q u i r e d  h e l i c a l  w ind ings  
a r e  u s u a l l y  employed. Depending  on the  r a t i o  o f  mandre l  r o t a t i o n  
t o  f e e d  r a t e ,  th e  r e i n f o r c e m e n t  may be l a i d  dovrn a t  a n g le s  anywhere 
between a p p r o x im a te ly  20 and 88 degxees .  No e x t r a  l o n g i t u d i n a l  
m a t e r i a l  need  be l a i d  down s i n c e  th e  low a n g le s  o f  w in d in g  p o s s i b l e  
e n ab le  th e  r e i n f o r c e m e n t  t o  be l a i d  down to  w i t h s t a n d  th e  l o n g i t u d i n a l  
l o a d s .
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F i l a m e n t  Winding f o r  o t h e r  th a n  P r e s s u r e  V e s s e l s
The u s e  o f  th e  n e t t i n g  a n a l y s i s  f o r  f i l a m e n t  womid v e s s e l s  i s  
l i m i t e d .  With t h i s  method i b  i s  n o t  p o s s i b l e  to  d e te r m in e  the  e l a s t i c  
c o n s t a n t s  f o r  th e  m a t e r i a l  and hence  no a c c u r a t e  a n a l y s i s  o f  a 
f i l a m e n t  wound s t r u c t u r a l  member can be c a r r i e d  o u t .  For  an 
o r t h o t r o p i c  m a t e r i a l  such  as  g l a s s  f .w .  co m p o s i te s  t h e  e l a s t i c  
c o n s t a n t s  v a r y  w i th  th e  r e s i n - g l a s s  r a t i o  and w i t h  t h e  o r i e n t a t i o n  
o f  th e  f i l a m e n t s  w i t h  r e s p e c t  t o  a  c e r t a i n  c o o r d i n a t e  sys tem and i n  
o r d e r  t o  d e te r m in e  t h e s e  c o n s t a n t s ,  the  s o - c a l l e d  " o r t h o t r o p i c "  
a n a l y s i s  has  been  d e v e lo p e d ,
i r t i l i z i n g  t h i s  method t h e  r e s p o n s e  o f  th e  s t r u c t u r e  t o  v a r i o u s  
a p p l i e d  l o a d i n g  sys tems  a r e  p r e d i c t a b l e  and i t  i s  p o s s i b l e  t o  so 
d e s i g n  th e  l a m in a t e  t h a t  t h e  p r o p e r t i e s  a r e  such as  i s  r e q u i r e d  by 
t h e  a p p l i c a t i o n ,  even f o r  example,  t o  t h e  making o f  an e q u i v a l e n t  
i s o t r o p i c  m a t e r i a l .  The p a r a l l e l  development o f  f i l a m e n t  w ind ing  
t e c h n i q u e s  w i th  m ic ro -m e c h a n ic a l  d e s i g n  c o n c e p t s  has  been  v i t a l  t o  th e  
i n c r e a s e d  u se  o f  f i l a m e n t  wound co m p o s i te s .
Any shape  can be f i l a m e n t  wound i f  i t  can be wound u nde r  t e n s i o n  
-  s u r f a c e s  of  r e v o l u t i o n  b e in g  i d e a l .  Even r e v e r s e  c u r v a t u r e s  can 
be p roduced  by s p e c i a l i s e d  t e c h n i q u e s  a l t h o u g h  n o t  a t  optimum s t r e n g t h ,  
and f l a t  s h e e t s  can  be o b t a i n e d  from f l a t t e n i n g  a l a r g e  f .w .  c y l i n d e r .  
The i n n e r  and o u t e r  s u r f a c e s  o f  a s t r u c t u r e  need n o t  n e c e s s a r i l y  have 
th e  same c o n f i g u r a t i o n ,  a l t h o u g h  to  minimise  i n t e r l a m i n a r  s h e a r i n g  
s t r e s s  e f f e c t s  which c o u ld  l e a d  t o  p rem a tu re  f a i l u r e ,  w a l l  t h i c k n e s s e s  
a r e  n o rm a l ly  k e p t  s u b s t a n t i a l l y  c o n s t a n t .
S in c e  t h e  t e c h n i o u e  o f  f i l a m e n t  winding  a l l o w s  p r o d u c t i o n  o f
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s t r o n g  l i g h t  p a r t s ,  i t  h a s  p roved  of  p a r t i c u l a r  a p p l i c a t i o n  i n  
a e r o s p a c e ,  m i l i t a r y  and hydrospace  u se  and has  a number o f  ad van tages  
which makes i t s  u s e  a d i s t i n c t  p o s s i b i l i t y  f o r  th e  m an u fac tu re  of 
a e ro -e n g ’in e  and a i r f r a m e  components i n  th e  f u t u r e .  The a p p l i c a t i o n  
o f  w ind ing  t e c h n i q u e s  to  th e  d e s ig n  and c o n s t r u c t i o n  o f  a i r c r a f t  
l i f t i n g  s u r f a c e s  i s  a l s o  un d e r  i n v e s t i g a t i o n  and such  r e s e a r c h  w i l l  
h e l p  to  f u r t h e r  re d u c e  th e  whole f i e l d  o f  advanced com pos i te  m a t e r i a l s  
and p r o c e s s e s  t o  p r o d u c t i o n  p r a c t i c e s .
O u ts ide  th e  a e r o s p a c e  i n d u s t r y ,  th e  f i l a m e n t  w ind ing  p r o c e s s  and 
d e s i g n  c a p a b i l i t i e s  a r e  n o t  y e t  w id e ly  a p p r e c i a t e d  b u t  th e  t r a n s l a t i o n  
o f  th e  p r o c e s s  and i t s  a p p l i c a t i o n  i n  th e  a r e a  o f  h ig h  s t r e n g t h  
s t r u c t u r a l  co m p o s i te s  t o  many commercia l  and i n d u s t r i a l  u s e s  i s  n o t  
im p ro b ab le .  I t  may be n e c e s s a r y  f o r  r e s e a r c h  e f f o r t s  to  be d i r e c t e d  
t o  f i r s t  o f  a l l  p r o v i d i n g  e n g i n e e r i n g  d a t a  amenable t o  s t a t i s t i c a l  
a n a l y s i s  r e s u l t i n g  from p r a c t i c a l  f a b r i c a t i o n  t e c h n i q u e s  b e f o r e  con­
c e p t u a l  u se  o f  f i l a m e n t  wound com pos i te s  as  a c l a s s  o f  m a t e r i a l  w i th  
d i f f e r e n t  f a b r i c a t i o n  t e c h n i q u e s  and d e s ig n  becomes commonplace.  
F i l a m e n t  Winding P r oced u res
I t  i s  r e a l i s e d  t h a t ,  i n  o r d e r  t o  a c h ie v e  a s a t i s f a c t o r y  s t r e n g t h  
i n  a f i l a m e n t  wound s t r u c t u r a l  member, th e  p ro c e d u re  o f  wind ing  i s  j u s t  
a s  i m p o r t a n t  a s  th e  c h o ic e  o f  t h e  b a s i c  m a t e r i a l s  to  form t h e  composi te ,  
E s s e n t i a l l y ,  t h e  f a c t o r s  a r i s i n g  ou t  o f  th e  w inding  p r o c e s s  which w i l l  
a f f e c t  the  s t r e n g t h  a r e  t h e  m a in tenance  o f  d e s i r e d  w ind ing  p a t t e r n ,  the  
e f f i c i e n t  im p r e g n a t io n  o f  th e  f i b r e  w i th  r e s i n  and c o n t r o l  o f  t h e  f i b r e  
volurae f r a c t i o n .  I t  i s  i m p o r t a n t ,  t h e r e f o r e ,  t o  a c q u i r e  a machine
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c a p a b le  o f  c o n t r o l l i n g ’ s a t i s f a c t o r i l y  t h e s e  f a c t o r s .  P a r t  o f  
th e  p r e s e n t  work i s  th e  d e s ig n  o f  such a m achine, th e  de b a i l s  of 
which a r e  d e s c r ib e d  i n  C hap te r  3»
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CîUr'TEK 2 S t r e n g th  o f  C y l i n d r i c a l  Pilaraent-W ound V e ss e ls
A u n i d i r e c t i o n a l  l a y e r  composed o f a r e in fo r o e m e n t  and a m a t r ix  
may be c o n s id e re d  a s  a  q u a s i  -  h o mo one o'l i s a n i s o t r o p i c  m a t e r i a l .  The 
r e in f o r c e m e n t  and th e  m a t r ix  a r e  u s u a l l y  c o n s id e re d  to  be e l a s t i c ,  
i s o t r o p i c  and homogeneous. One o f  th e  b a s i c  a ssu m p tio n s  im p l ie d  by 
th e  a p p l i c a t i o n  o f  " d i s t o r t i o n a l  energy"  c o n d i t i o n s  to  such a q u a s i -  
homogeneous a n i s o t r o p i c  com posite  s u b je c t  to  combined s t r e s s e s ,  i s  
t h a t  t h e r e  e x i s t s  w i th in  th e  a n is o t r o p y  body t h r e e  m u tu a l ly  p e rp e n ­
d i c u l a r  p la n e s  o f  m a t e r i a l  symmetry. T h is  im p l i e s  t h a t  th e  body i s  
r e a l l y  o r t h o t r o p i c  r a t h e r  th a n  g e n e r a l ly  a n i s o t r o p i c  from th e  p o in t  
o f  view o f  s t r e n g t h .
Where s e v e r a l  l a y e r s  a r e  bonded t o g e t h e r ,  th e  la m in a te d  
com posite  becomes i n  g e n e r a l  a n i s o t r o p i c  and  h e te r o g e n e o u s .  The 
s t r e n g t h  o f  a  com posite  s t r u c t u r e  w i l l  t h e r e f o r e  depend on th e  s t r e n g t h ,  
th i c k n e s s  and r e in f o r c e m e n t  o r i e n t a t i o n  o f  each  c o n s t i t u e n t  l a y e r ,  th e  
s t r e n g t h  o f  which i n  t u r n  w i l l  depend on th e  p r o p e r t i e s  and d i s t r i b u t i o n  
o f  th e  r e in f o r c e m e n t  and m a t r ix .  The m a t e r i a l  p r o p e r t i e s  w i l l  v a ry  
a c r o s s  th e  th ic k n e s s  o f  th e  com posite  so form ed and th e  s t r e s s  
d i s t r i b u t i o n  a c r o s s  th e  com posite  w i l l  v a ry  a c c o r d in g  to  th e  r e l a t i v e  
s t i f f n e s s e s  o f  each  l a y e r .  As a  r e s u l t  o f  t h i s ,  t h e r e  w i l l  be; iwo 
s e t s  o f  e q u iv a le n t-  e l a s t i c  c o n s ta n t s  f o r  th e  m a t e r i a l  -  one a s s o c i a t e d  
w i th  th e  s t r a i n  o f  the  m idd le  s u r f a c e  and one s e t  a s s o c i a t e d  w i th  
b en d in g  a n a l y s i s  -  to  be c o n s id e re d  i n  th e  a n a l y s i s  o f  the  re sp o n se  o f  
th e  com posite  m a t e r i a l  to  a p p l i e d  s t r e s s e s .
A f i l a m e n t  wound s h e l l  i s  u s u a l l y  b in a r y  and composed o f n l a y e r s
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w i th in  which hom ogeneity  i s  assumed. The shape  o f  s t r u c t u r e  wound 
i n  th e  co u rse  o f  t h i s  s tu d y  has been  a  c i r c u l a r  c y l i n d r i c a l  v e s s e l  
f a b r i c a t e d  from E - g la s s  f i b r e s  im pregna ted  w i th  an  epoxy r e s i n  and 
th e  d e t a i l i n g  o f  th e  method o f  d e te r m in a t io n  o f  th e  e l a s t i c  c o n s t a n t s  
o f  a. com posite  i s  now g iv e n  w i th  t h i s  s t r u c t u r a l  c o n f i g u r a t i o n  and 
m a t e r i a l  i n  mind. R e g a rd le s s  o f  th e  w ind ing  p a t t e r n  employed, each 
l a y e r ,  w h e th e r  l o n g i t u d i n a l l y ,  c i r c u m f c r e n t i a l l y  o r  h e l i c a l l y  wound, 
may be c o n s id e re d  to  be o r th o  t r o p i c .  I t  w i l l  be shown t h a t  i n  th e  
case  o f  h e l i c a l  w ind ing , th e  tv.-o i n t e r l o c k i n g  h a l f  l a y e r s  l a i d  on a t  
eq u a l  angd.es 4- o. and -  a  to  th e  l o n g i t u d i n a l  a x i s  p a r a l l e l  w i th  th e  
a x i s  o f  r e v o l u t i o n  o f  th e  s u r f a c e ,  a re  " m ir r o r  im ages" o f  each  o th e r  
and can  be c o n s id e re d  to  form a "b a lan ced "  s i n g l e  o r t h o t r o p i c  l a y e r .
When a, m a t e r i a l  i s  o r t h o t r o p i c ,  a s h e a r  s t r e s s  a p p l i e d  p a r a l l e l  
and p e r p e n d i c u l a r  to  th e  p r i n c i p a l  axes g iv e s  r i s e  to  no d i r e c t  
s t r a i n s  i n  th o s e  d i r e c t i o n s  and a normal s t r e s s  a p p l i e d  a lo n g  th e  
p r i n c i p a l  d i r e c t i o n s  p ro d u ces  no s h e a r  s t r a i n s .  Thus kno'wing th e  
p r o p e r t i e s  a lo n g  the  p r i n c i p a l  axes  which c o n s t i t u t e s  th e  b a s i c  
p ro p e r ty  o f  a  com posite  s h e l l  i n  i t s  re sp o n se  to  e x t e r n a l  l o a d s ,  th e  
p r o p e r t i e s  a lo n g  any o t h e r  d i r e c t i o n s  may be fo u n d .
With known p r o p e r t i e s  o f  th e  two c o n s i t u e n t s  o f  th e  com posite , ,  
i t  i s  p o s s i b l e  to  d e te rm in e  th e  e l a s t i c  c o n s t a n t s  o f  a  u n i - d i r e c t i o n a l  
la m in a te  i n  i t s  p r i n c i p a l  d i r e c t i o n s  which l i e  a lo n g  and t r a n s v e r s e  to  
th e  f i b r e ,  Where th e  f i b r e s  a r e  o r i e n t e d  a t  some a n g le  'ad to  th e  
l o n g i t u d i n a l  a x i s ,  th e  e l a s t i c  c o n s ta n t s  o f  th e  l a y e r  w i th  r e f e r e n c e  
to  a  p a i r  o f  m u tu a l ly  p e r p e n d ic u la r  a x e s ,  one o f  which c o in c id e s  w ith  
th e  l o n g i t u d i n a l  a x i s  may be de te rm in ed  by t r a n s f o r m a t io n  o f  th e
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p r o p e r t i e s .  'Where th e  f i l a m e n t s  a r e  l a i d  a t  a n g le s  o f  r  co and 
“• a  a s  o c c u rs  i n  h e l i c a l  w in d in g , th e  e l a s t i c  c o n s t a n t s  o f  th e  
r e s u l t i n g  b a la n c e d  l a y e r  vn.th o r t h o t r o p i c  c h a r a c t e r i s t i c s ,  whose 
p r i n c i p a l  ax es  in  t h i s  case  c o in c id e  w ith  th e  a x i a l  and c i r c u m f e r ­
e n t i a l  d i r e c t i o n s  o f  th e  c y l i n d e r  may be d e te rm in e d  i n  terras o f  the  
p r o p e r t i e s  o f  a  s i n g l e  l a y e r  w i th  o r i e n t e d  f i b r e s .  F i n a l l y  where 
th e  w a l l  th ic k n e ss ,  o f  th e  s t r u c t u r e  i s  made up o f a  number o f  such 
o r t h o t r o p i c  l a y e r s ,  th e  o v e r a l l  e q u iv a l e n t  e l a s t i c  c o n s ta n t s  o f  th e  
s h e l l  may be d e te rm in e d  i n  te rm s o f  th e  c o n s t a n t s  f o r  each  o f i t s  
c o n s t i t u e n t  l a y e r s  and t h e i r  r e s p e c t i v e  t h i c k n e s s e s .
The d is a d v a n ta g e  o f  t h i s  s o - c a l l e d  " o r t h o t r o p i c "  a n a l y s i s  method 
i s  i t s  c o m p le x i ty  b u t  s i n c e ,  u n l ik e  th e  n e t t i n g  a n a l y s i s ,  th e  e f f e c t  
o f  th e  m a t r ix  i s  in c lu d e d ,  i t s  r o l e  i n  th e  re s p o n se  o f g l a s s  f i b r e  
f i l a m e n t  wound com posites  to  v a r io u s  loa .d ing  c o n d i t io n s  can be 
d e te rm in e d ,  and t h e i r  u se  f o r  many s t r u c t u r a l  a p p l i c a t i o n s  where 
ben d in g , t o r s i o n  o r  b u c k l in g  l o a d s ,  f o r  exam ple, may be p r e s e n t  can 
be c o n s id e re d  on m e r i t .
The r e s u l t a u i t  f o r c e s  (n) and th e  r e s u l t a n t  moments (it) p e r  u n i t  
l e n g th  f o r  a  t h i n  w a l le d  s h e l l  o f  n l a y e r s  i s  g iv e n  by
N = y  f o . d z
( 2 . 1 )
n
I t  can  be shown t h e r e f o r e  (R ef: 7) t h a t  th e  s t r u c t u r a l  re sp o n se  
to  a p p l i e d  e x t e r n a l  lo a d s  i s  d e s c r ib e d  by th e  s t i f f n e s s  c o e f f i c i e n t s  
a c c o rd in g  to  th e  g o v e rn in g  qq u a t io n s  o f  th e  g e n e r a l i s e d  Hooke’ s Law.
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»IU=]H ( 2 . 2 ,
r  1There  G i s  th e  s t i f f n e s s  m a tr ix  winch i n  g e n e r a l  c o n ta in s  56 
c o n s t a n t s .  A pply ing  c l a s s i c a l  t h i n  s h e l l  t h e o r y  and t a k in g  i n t o  
acc o u n t  th e  p la n e  o f  e l a s t i c  sy n rse t t ry ,  th e  number o f  c o n s ta n t s  
may be red u c ed  to  6 and e q u a t io n  ( : h l )  f o r  homogeneous l a y e r s  may 
be- e x p re s s e d  as
n E» 'I r _T n
' 4 ( 6 ^  -  6 ^ . b e t .  1-if ^
l - ' l  . 1
where 5j i s  the  d i s t a n c e  m easured from th e  c o o r d in a te  s u r f a c e  to
th  r  1 o 1 r  1th e  u p p e r  f a c e  o f  th e  i  l a y e r ,  and 8 I -  e f . — z X •L c5 r  L .! 3. u 'PL
r n 1
where I ^ i s  th e  s t r a i n  a t  th e  m iddle  s u r f a c e  and j X|i i-8 th e
"bi*lchange o f  c u r v a tu r e  o f  th e  i  l a y e r .
E q u a t io n  (2 ,3 )  r e p r e s e n t s  th e  e l a s t i c i t y  r e l a t i o n s h i p s  vdiich, 
u sed  t o g e t h e r  w i th  th e  fu n d am en ta l  e q u i l i b r iu m  e q u a t io n s  o r  w i th  
th e  e n e rg y  e q u a t io n s  w i th  th e  a p p r o p r i a t e  boundary  c o n d i t io n s  make 
p o s s i b l e  th e  s o l u t i o n  o f  th e  re sp o n se  o f  th e  s h e l l .
Use o f  hem brare  Theory
I n  many'- c a s e s ,  th e  d e fo rm a t io n s  i n  t h i n  s h e l l  p roblem s a r e  such 
t h a t  th e  s t r e s s e s  due to  th e  r e s u l t a n t  moments (ll) a r e  v e ry  s m a l l .  
These c o n d i t i o n s ,  u s u a l l y  a p p l i e d  to  i s o t r o p i c  s h e l l s ,  may a l s o  be 
a p p l i e d  to  t h i n  a n i s o t r o p i c  la m in a te d  s h e l l s  i f  th e  l a y e r s  can be 
assumed to  be s y m m e tr ic a l ly  l a i d  abou t th e  m idd le  s u r f a c e s .  S ince  
w a l l s  a r e  u s u a l l y  made o f  many l a y e r s  o f  a l t e r n a t i n g  p a t t e r n ,  t h i s
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a ssu m p tio n  can p ro v id e  r e a s o n a b ly  good r e s u l t s  r e g a r d l e s s  o f  w he ther  
t h e r e  a r e  odd o r  even l a y e r s .  Thus the  a n a l y s i s  o f  th e  c y l i n d e r  i s  
s i m p l i f i e d  to  th e  s o l u t i o n  o f  th e  e q u a t io n
!i ( 2 . 4 )
n r
li = g / h  -  h - d L h 1
where th e  t o t a l  s t r a i n s  |s |^^ i s  ta k e n  a s  th e  s t r a i n s  i n  th e  m iddle‘“ H i
s u r f a c e  i n  p la c e  o f  , i . e .  i t  i s  assumed i n  e f f e c t  t h a t  th e
s t r e s s  i s  uniform J.y d i s t r i b u t e d  o v e r  th e  w a l l  th i c k n e s s
i . e .  N = t o  ( 2 . 0) where t  = t o t a l  w a l l  t h i c k n e s s .
E q u a t io n  ( 2 , i )  becomes
[
I t  XI C T
where t^  i s  th e  t h i c k n e s s  o f  th e  i ^ ^  l a y e r  and
Dete rm in a t i o n  o f  th e  E l a s t i c  Co n s t a n t s  
A U n i d i r e c t i o n a l  Layer
I t  i s  assumed t h a t  t h i s  c o n s i s t s  o f  an  a r r a y  o f  u n i d i r e c t i o n a l  
f i b r e s  u n i fo r m ly  d i s t r i b u t e d  i n  th e  b in d in g  m a t r ix .  The f i b r e s  a r e  
assumed to  be c i r c u l a r  i n  c ro s s  s e c t i o n ,  c o n t in u o u s  and b o th  f i b r e s  
and m a t r ix  a r e  assumed i s o t r o p i c  and to  have Imown e l a s t i c  p r o p e r t i e s ,  
S in ce  th e  l a y e r  has  o r t h o t r o p i c  p r o p e r t i e s ,  Hookes Law can be 
e x p re s s e d  w i th  'L* d e n o t in g  th e  d i r e c t i o n  a lo n g  and ' T' th e  d i r e c t i o n  
t r a n s v e r s e  to  th e  f i b r e  a x e s ,  a s
h  = S T  -  ,
3 0
È .
o
Jj
( 2 . 7 )
h i
o r  i n  m a t r ix  form a: H . B o xrnere 3 j i s  th e  f l e x i b i l i t y
m a tr ix  and  th e  s u b s c r i p t  a  i s  u sed  to  i n d i c a t e  th e  s t r e s s  and s t r a i n  
i n  th e  p r i n c i p a l  d i r e c t i o n s  o f  th e  u n i d i r e c t i o n a l  l a y e r  which w i l l  
be assumed p r e s e n t l y  to  be l a i d  a t  some a n g le  a  to  th e  a x i a l  
d i r e c t i o n  o f  th e  c y l i n d e r .
The L o n g i tu d in a l  h o du lu s  Lf has  been  d e m o n s tra ted  by s e v e r a l  
e x p e r im e n te r s  to  f o l lo w  c l o s e l y  th e  ' law  o f  m i x t u r e s ' .
EL (3 .8 )
where Ep and Em a r e  th e  Y oung 's  Liodulus f o r  th e  f i b r e  and m a tr ix  
r e s p e c t i v e l y  and Yp i s  th e  f i b r e  volume f r a c t i o n ,  ( i t  has been  
assumed h e r e ,  a s  i s  cus to m ary , t h a t  th e  m isa l ig n m e n t  f a c t o r  
in t r o d u c e d  by T sa i  (Ref: 8 ) i s  eq u a l  to  u n i t y , )
The T ra n s v e rse  liodu lus  Efj, The r e s u l t s  o f  s e v e r a l  s t u d i e s  a r e  g iv e n  
i n  Ref; 7 . Good ag reem ent be tw een th e  e x p r e s s io n  u sed  h e re  (R ef: Q) 
and e x p e r im e n ta l  v a lu e s  i s  r e p o r t e d  by Card (R ef; 9) and T s a i  ( R e f ;8 ) 
when th e  v a lu e  o f  th e  c o n t i g u i t y  f a c t o r  "C" i s  assumed to  be 0 ,2 ,
= 2 ^1 «* ** ( v_p — v^ )^ Vm m' ( i_ c )  h i f h  + h . )  -  L  ( R  -  g )  ( i - p )
' ( ^ n  + D  + 2 (K „ -  K ) ( l - v  p
K g 2K^ + G g  + iq )  a  -  v p
+ S f )  + 2 (Kf _ i q )  ( l  .. v p
(2 .9 )
E,
where f ______
2 ( l+ v ^ )
G = R .  : K- = h
“  2 { i u r y  ^ °  2 W r y
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and th e  v a lu e  o f  th e  c o n t i g u i t y  f a c t o r  0 v a r i e s  betw een 0 f o r  
i s o l a t e d  f i b r e s  and 1 f o r  c o n t ig u o u s  f i b r e s .
P o i s s o n ' s  R a t io s  The m a jo r  P o i s s o n ' s r a t i o  Vrnr c h a r a c t e r i s i n g  
th e  e lo n g a t io n  i n  th e  t r a n s v e r s e  d i r e c t i o n  due to  norm al s t r e s s  i n  
th e  l o n g i t u d i n a l  d i r e c t i o n  has  been  found to  fo l lo w  th e  law o f  
m ix tu re s  f o r  th e  ran g e  o f  m a t e r i a l  p r o p e r t i e s  and volume f r a c t i o n s  
u se d  i n  g l a s s  f i l a m e n t  wound s t r u c t u r e s  to  g iv e  r e s u l t s  t h a t  d e v ia t e  
a t  most 2 5/5 from  v a lu e s  c a l c u l a t e d  u s in g  th e  much more complex 
r e l a t i o n s h i p  d e r iv e d  i n  (R ef; 8) i . e .
' 'tl Vp v„ + ( 1 -  Vp ) Vm (2 . 10)
where and a re  th e  P o i s s o n 's  r a t i o s  f o r  th e  f i b r e  and m a t r ix  
r e s p e c t i v e l y .
The m inor P o i s s o n 's  r a t i o  can be o b ta in e d  from th e
r e c i p r o c a l  r e l a t i o n
LT (2,11)
The S h ea r  Modulus Gy.n may be c a l c u l a t e d  u s in g  th e  form d e r iv e d  by 
H ash in  and Rosen (Ref: 10) i n c o r p o r a t i n g  T s a i ' s  C o n t ig u i ty  F a c to r  C
T t  -  (1  -  c) _m) + ( V : _ j n ) g f ,  
G„) -  (Up _ G )■ V
G
f '*■ " '-V - Va'' f 1
+ C .GGi„ -I- ( q  -  y )  p  
pG f " (®f " 0  W
Gm
(2 . 12 )
The E l a s t i c  C o n s ta n ts  f o r  an  U n i d i r e c t i o n a l  Lami n a t e  O r ie n te d  a t  a n 
Ang le  a
I f  th e  r e f e r e n c e  c o o r d in a te  axes  o f  th e  e x te r n a l l ; ^  a p p l i e d  
s t r e s s e s  i s  o t h e r  th a n  a lo n g  and t r a n s v e r s e  to  th e  f i b r e  d i r e c t i o n ,
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th e  e l a s t i c  c o n s t a n t s  w i l l  be a  f u n c t io n  o f  th e  e l a s t i c  c o n s ta n t s  
i n  the  p r i n c i p a l  d i r e c t i o n s  and th e  f i b r e  o r i e n t a t i o n  a n g le  a ,  where 
f o r  example i n  th e  c y l i n d e r ,  a  i s  th e  a n g le  be tw een  th e  l o n g i t u d i i m l  
d i r e c t i o n  o f  th e  f i b r e s  and th e  d i r e c t i o n  p a r a l l e l  to  th e  c y l in d e r  
a x i s  a s  shown in  th e  diagramo
H o o k e 's  La.w i n  t h i s  c ase  may be e x p re s s e d  as?
X
X
x y
Gxy xy
Y x y  ^ X.xy o.X
( a )
( b )
( c )
( 2 . 1 3 )
X J,
v/here i n  t h i s  c a s e ,  s in c e  th e  l a y e r  i s  no lo n g e r  o r th o  t r o p i c ,  t h e r e
i s  a  te rm  in v o lv in g  th e  c o e f f i c i e n t  o f  s h e a r  d i s t o r t i o n  where
T[ c h a r a c t e r i s e s  th e  s t r a i n  i n  th e  x - d i r e c t i o n  due to  a  s h e a r‘x .x y
s t r e s s  i n  th e  x~y p la n e  and l ik e w is e  T] . c h a r a c t e r i s e s  th e  s h e a rx y .x
s t r a i n  i n  th e  x -y  p la n e  due to  a  normal s t r e s s  i n  th e  x - d i r e o t i o n ,
and a s  b e f o r e  v d e n o te s  th e  P o is so n s  r a t i o  f o r  a  s t r a i n  i n  th e  xy
x - d i r e c t i o n  due to  a  norm al s t r e s s  i n  th e  y - d i r e c t i o n .
■ The t r a n s f o r m a t i o n  o f  th e  s t r e s s e s  and s t r a i n s  betw een th e  
p r i n c i p a l  d i r e c t i o n s  L and T and  th e  x - y  d i r e c t i o n s  a r e  g iv e n  by
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luw
Where th e  s t r e s s  t ran s fo r ir . .a t io n  m a tr i H a  =
and th e  s t r a i n  t r a n s f o r m a t io n  m a tr ix H a
( 2 . 1 4 )
n 2ral
1^ -2ml
-ml Im
(2 ,1 5 )
ra^ ml
l2 -nil
-2  ml 2ml 1^-m^
where 1 = cos a  and m -  s i n  a ,  and a  i s  m easured  p o s i t i v e  as  shown 
i n  th e  f i g u r e  above.
H ence, com bining e q u a t io n s  (2 ,7 )  and (2 ,1 4 )  e n a b le s  th e  s t r a i n s  
to  be e x p re s s e d  i n  te rm s o f  th e  s t r e s s e s  i n  th e  x and  y d i r e c t i o n s ,  
i  • e 0 *1
L
and s in c e
i . e
I
H ■ D'kr
( 2 . 1 6 )
Prom t h i s ,  th e  e l a s t i c  p r o p e r t i e s  i n  th e  x ,  y  d i r e c t i o n s  can be 
e x p r e s s e d ,  a f t e r  some c o m p u ta t io n ,  i n  te rm s o f  th o s e  i n  th e  L, T 
d i r e c t i o n s .
Hence, expand ing  th e  m a ,tr ices  
^11 -^12 ^16
^21 A22 A26 ^ ( 2 . 17 )
■^61 ^62 -^66
a n d , 'u s i n g  e n g in e e r in g  te rm s ,  th e  m a tr ix  has  te rm s
e
X
s
y
Y
0
X
0
y
1 xy
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AAo 1 1 .
A66
^12
A21
[ „ 4  + (1 -  2vç^)l2m 3 + J
1 + (4^ -h k g -  l )4 1 ^ m ^ j
(1  y -  + 'tl  ]
A i 5
-^61
^26
^ x , xy*"^
G.
n
xy
xy oX 
:&  ■ J
^ x y
A
ly.
62  =
Ira 
> - 1 ^ [ ^ <
3.2
T k in
( 2 . 18)
where \i^ -  j .  9 ko
Jj
E .
: p TA- a n d  3i_  ^ , '^xy. x ' "^y ^xy ' ^ 'x y .y-^L
a r e  th e  c o e f f i c i e n t s  o f  rautuad in f l u e n c e  and s h e a r  d i s t o r t i o n  r e s p e c t i v e l y .  
A IS k:aov/n a.s tu e  t r a n s fo rm e d  com pliance m a t r ix  and th e  e l a s t i c  
c o n s t a n t s  c o m p r is in g  i t s  tern is  a r e  sometimes Icnovm a s  th e  ’ f r e e '  
e l a s t i c  c o n s t a n t s  o f  th e  l a y e r  to  d i f f e r e n t i a t e  from th o s e  o b ta in e d  
when two l a y e r s  a r e  l a i d  a t  + a  and -  a  to  g iv e  an  e q u iv a l e n t  
o r t h o t r o p i c  l a y e r ,  a s  o c c u rs  when a  h e l i c a l l y  wound l a y e r  i s  wrapped 
around  a  c y l i n d e r .
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The 'R e s t r a i n e d '  E l a s t i c  C o n s ta n ts  f o r  a B a lan ced. L?i?/'er o f
Eg u i va 1 o n t  Cr tho  t r o p i c  Const rii c t  i  on
I f  two u n i d i r e c t i o n a l  l a y e r s  a r e  bonded t o g e t h e r  a t  a l t e r n a t e
a n g le s  a  and a  where s u h & c r i r t s  'o '  and ' e ' r e f e r  to  odd and even ^ o e
l a y e r s  r e s p e c t i v e l y ,  e q u a t io n  (2 ,3 )  g iv e s
h H o  + h H e  = ^ [ ° . l  ( 2 . 1 9 )
and th e  r e q u i r e m e n ts  o f  c o n s i s t e n t  d e fo rm a tio n s  demands t h a t
H o  = H o  = H  (^-^0)
A p p ly in g  e q u a t io n  2,16 to  f i n d  th e  s t r e s s  components o f  th e  odd 
and even l a y e r s  i n  the  x and y d i r e c t i o n s ,  from e q u a t io n  (2 ,1 9 )  and 
(2 , 20) we o b t a i nUUU'WooH
where [A"j = +
and and are of the form given by equation (2.18). Now
l e t  u s  a p p ly  e q u a t io n  ( 2 . 2l ) ,  which need n o t  be r e s t r i c t e d  to  
u n i d i r e c t i o n a l  l a y e r s  b u t  a p p l i e s  to  o r t h o t r o p i c  l a y e r s  i n  g e n e r a l ,  
to  the  c a se  o f  a  h e l i c a l l y  wound l a y e r .
The p ro c e s s  o f  c o n t in u o u s  h e l i c a l  w ind ing  c au se s  f i l a m e n t s  to  
c r o s s  each  o th e r  to  form two i n t e r l o c k i n g  h a l f  l a y e r s  o r i e n t e d  a t  + a. 
and -  a  to  th e  x -  a x i s .  I n  t h i s  form , th e  l a y e r s  a r e  no l o n g e r  f r e e  
t o  undergo  s h e a r  d e fo rm a t io n  u n d e r  normal s t r e s s e s  a s  th e  ten d en cy  o f  
one h a l f “ l a y e r  to  undergo a  s h e a r  s t r a i n  o f  i s  c o u n te r a c te d  by
th e  eq u a l  and o p p o s i te  te n d en c y  o f  th e  o t h e r  h a l f - l a y e r  to  undergo  
” ^/îT * Thus t h e r e  r e s u l t s  a  zero  s h e a r  s t r a i n  and th e  two h a l f
l a y e r s  combine to  form  an  e q u iv a l e n t  o r t h o t r o p i c  l a y e r  whose p r i n c i p a l
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d i r e c t i o n s  i  and XL c o in c id e  w i th  th e  l o n g i t u d i n a l  and c i r c u m f e r ­
e n t i a l  d i r e c t i o n s  o f  th e  s h e l l  r e s p e c t i v e l y ,  i . e .  i ,;ith  d i r e c t i o n s  
X and y .
Hooke’ s Lav; can  th e n  be va’i t t e n  a s
= • h ■^ TJ
“  h - h
m
oX£
31 ( 2 . 2 2 )
[ *i r  r  *1G I -  B II o j
The s t r a i n  i n  th e  two h a l f  l a y e r s  i s  g iv e n  by e q u a t io n  ( d , l ô )
t a  
- a
f o lt  a  L. J t a
f o l  ( 2 . 2 3 )
- a  L J—a
Note t h a t  and ^  have s i m i l a r  te rm s e x c e p t  t h a t
and A25
H
■Ao ~ 16
-a a
= "A25 and th e  te rm s o f  A a re  a s  g iv e n  i n  e q u a t io n  
- a  a
(2*18) i n  te rm s o f  e n g in e e r in g  c o n s ta n t s  and d i r e c t i o n  co s in es*
U t i l i z i n g  th e  e q u i l i b r iu m  and s t r a i n  c o m p a t i b i l i t y  e q u a t io n  f o r  
th e  two h a l f  l a y e r s  o f  th e  same th ic k n e s s  v/e haveHa * H-a = 4 »]m=[=L ■ H
and by s u b s t i t u t i o n  i n  e q u a t io n s  ( 2 *22) and (2 .2 3 )  we o b t a i n  th e  
r e l a t i o n  2 [ b  = [a]^*"^ + [ ‘^  ]  "a (2 .2 6 )
and t h i s  i s  th e  t r a n s f o r m a t io n  e q u a t io n  d e f i n i n g  th e  e l a s t i c  c o n s ta n t s  
a lo n g  th e  p r i n c i p a l  axes  I  and I I  i n  te rm s o f th e  l o n g i t u d i n a l  and 
t r a n s v e r s e  c o e f f i c i e n t s  o f  th e  f i b r e s ,  as  g iv e n  i n  e q u a t io n  (2 ,1 8 )
Note h e r e  t h a t  s h e a r  f o r c e s  w i l l  a c t  on each  h a l f  l a y e r  b u t  t h a t  th e
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r e s u l t a n t  s h e a r  f o r c e  a c t i n g  on th e  la m in a te  i s  z e r o .  The m agnitude 
o f  t h i s  s h e a r  f o r c e  can be d e te rm in ed  from e q u a t io n  (2 .1 3 c )  by
s e t t i n g  Y  ^ = 0 ,  Hence
+ l e y ( 2 . 2 7 )
s u b s t i t u t i n g  t h i s  in  ( 2 . ].3a) and (2 .15b )
e =■ oX IVX X X V
o
X X.
ÎZ_
* VXT
y
®y
I" V
l b
vx
X
^ y . x y  ^ x y * x
y
^ x y . y  ^XoXy ]
—1—  » V . G
- y  ^%y J
G„
X
=  — o .
x.y
V -f- 11 11yx  'XV.X ‘v a XV
xy "1 o y
ImLnny: r
X
These a r e  o f  form s
- ]  ■'■ ° y [ -
f l l n u lu n :
y
O
a
a.
a
^ a b ° b
Hence, th e  te rm s i n  b r a c k e t s  r e p r e s e n t  th e  e q u i v a l e n t  e l a s t i c  
c o n s ta n t s  o f  th e  h e l i c a l  l a y e r .  From e q u a t io n s  (2 .2 8 )
1
E l
'  ~  ^ x y . x ^ x . x y  
&
1 — 11 n
 2fy_ .;y _ V .x y
E
A,
11 A 
A
A
66
2
26
31 22 A
B
B
66
11
22
( 2 . 28 )
B,
V  +  Ti 11x y  ‘x y . v ' ‘x . x v
y
y X + 11 n‘x y . x  ‘v .XV_y. 'y x y  
1
-^12 +
‘'^ 6 2^-16
A66
. ^ 6 1 ^ 2 6  
^21  '  ~ A - 7 -
B
12
21
( 2 . 2 9 )
Hence vm
■''-16 ^63 " ^12 ^$5
A t
n  /
A A — A A 
51  25  21  66
^11 ^^ 66 " ^^16
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(Mote = 4 ’- ' )' n  1
S i m i l a r l y ,  by  s e t t i n g  th e  s t r a i n  and = 0 i n  e q u a t io n s  (2 .1 3 a )
and (2 ,1 5 b )  th e  e x p r e s s io n  f o r  th e  s h e a r  modulus o f  th e  b a la n c e d  l a y e r  
may be o b ta in e d ,  i . e *
X
E v )
4- V T'lXV 'X.xv
^xy . xy  ^yx^& , xy  \
\ î~ -  V /ry x y ' ■ ■y x ■XV
S l M l a r l ï ,  q  . y q - V U V X a : )
X 'bxy '  y x  :xy
T h e re fo re  s u b s t i t u t i n g  i n  e q u a t io n  (2 .1 5 c )  v/e o b t a i n
V n  + 1 1  Tvr -<:r I-\T 'i/' T r t \rY = _ / _ x y _ y .x y  ' 'x .x y  \
x y . y ( ^ U n r r V r ) +  -  c  « ■ 3 » )y‘ ,j y x  x y  xy  xy
T h is  i s  o f  th e  form Y^-|^ = , t h e r e f o r e  th e  e q u iv a le n t
s h e a r in g  modulus o f  th e  h e l i c a l  l a y e r  i s  r e p r e s e n t e d  by
1 _ _  ^ x y  . X / ^ x . x y  ^xy "^y. xy
^ x y  ^ x y  '   ^ “  ^yx  ^xy
^.xy . V f\ , x y  ^yx^^x. x y  \  
\ 1 -  K . .  v _  IGx y  . y x  x y
-, 4. 4 - n / - ^ X . x y  ^ x y . X - ^ \ . x y  . v ^o r ,  a l  t e  m a t  i v a l p " , (  s i n c e  —n   —rr a n u  —^ = —ty—
xy  ^xy -^y
2
1 _ _  I x y  .X r^X ..XW ^XyB;:r^Xv\
^xy  ^ x ' ^ x . x y \  ^ ^ y -
i x y .y  f ‘y . x y   yx  ‘x . x y  \
. A  'i  -  I^ y y  . x y
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' u  1-'"22 "  2 ' '+ 1  ( - . 3 0
I t  i s  intej.-’e s t i n g  to  n o te  t h a t  the  e l a s t i c  c o n s ta n t s  f o r  a  
■balanced c o n s t r u c t i o n  such  a s  a  h e l i c a l l y  wound l a y e r  a r e  
i d e n t i c a l  to  th e  e l a s t i c  c o n s t a n t s  f o r  a  s i n g l e  o r i e n t e d  u n i d i r e c ­
t i o n a l  l a y e r  i f  ^  ^ . T h isxy 6 X o 4^ y . y y . .^ vg
c o n d i t i o n  o c c u r s  i f  a  = 0 ° o r  a, -  90^ i . e .  f o r  a  p u r e ly  o r th o  t r o p i c  
c o n s t r u c t i o n .  A com parison  o f  th e  e l a s t i c  c o n s t a n t s  f o r  th e
h e l i c a l  l a y e r  w i th  th o s e  f o r  a  s i n g l e  o r i e n t e d  l a y e r  shows n o t
s u r p r i s i n g l y  t h a t  th e  m o d u l i e s p e c i a l l y  th e  s h e a r  moduli a/re 
s i g n i f i c a n t l y  h ig h e r .  I t  f o l lo w s  t h a t  f o r  th e  same th i c k n e s s ,  a 
h e l i c a l l y  wound l a y e r  i s  much s t i f f e n  th a n  a  u n i d i r e c t i o n a l  la m in a te .
The E q u iv a le n t  E l a s t i c  C o n s ta n ts  o f  a  M u l t i -L a y e r  C y l i n d r i c a l  Wall 
F i la m e n t  wound s h e l l s  c o n s i s t  o f  a  number o f  l a y e r s  each  o f  
which i s  o r t h o t r o p i c  w i th  t h e i r  e l a s t i c  p r i n c i p a l  axes  c o in c i d in g  
v/ith  th e  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  d i r e c t i o n s  o f  th e  
c y l i n d e r .  By a p p ro a c h in g  th e  problem i n  a manner s i r r d l a r  to  t h a t  
u sed  f o r  th e  b a la n c e d ,  h e l i c a l l y  wound l a y e r ,  th e  o v e r a l l  e l a s t i c  
c o n s ta n t s  f o r  th e  s h e l l  a lo n g  th e s e  d i r e c t i o n s  can be r e a d i l y
d e te rm in e d .  The e c m iv a le n t  e l a s t i c  c o n s ta n t s  o f  th e  s h e l l  a r e  a
4 0
f u n c t i o n  o f  th e  e l a s t i c  c e n s t a n t s o f  each o r t h o t r o p i c  and 
e q u iv a l e n t  o r t h o t r o p i c  ( e . g .  h e l i c a l l y  wound) layer t o g e t h e r  
w i th  t h e i r  t h i c k n e s s .
1 The e l a s t i c  c o n s ta n t s  a s s o c i a t e d  w i th  s t r e t c h i n g  o f  th e  
mi d d l  e surf£i c e .
The e l a s t i c  c o n s ta n t s  a s s o c i a t e d  w i th  s t r e t c h i n g  o f  th e  s h e l l  
a r e  o b ta in e d  a s  f o r  th e  p re v io u s  a n a l y s i s  by c o n s id e r in g  th e  
e q u i l i b r iu m  and s t r a i n  c o m p a t i b i l i t y  o f  th e  s h e l l .  F o r  ' n '  l a y e r s .
th e  e q u i l i b r i u m  and s t r a i n  c o m p a t i b i l i t y  o f  th e  s h e l l  a r e  e x p re s s e d  
by th e  e q u a t io n s  S  = To I t  ' ( 2 c J 2 )
X:
a n d 3 i f o r  i  = 1   n ( 2 . 3 3 )
which axe of the form of equations (2.24) and (2.25). Since the
s h e l l  and  a l l  th e  l a y e r s  a r e  o r t h o t r o p i c ,  th e  r e l a t i o n  be tw een  th e
s t r e s s e s  and  s t r a i n s  i s  o f  th e  form 
O.
Jl
X V ox y  y
X y
o
y X. eX
T
x y
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t  hw ith  s u b s c r i p t s  i  f o r  th e  i  l a y e i
where B
1. V
E EX y
7^X — - 1ïX y
0 0
0
0
xy
Hence e q u a t io n  (2 ,2 6 )  oecpir.es
* [ > ] “ ■ â 4  [ . ] ; *
[ ^ 3  t h e  in v e r s e  f l e x i b i l i t y  m a t r ix ,  can he shown to  be th e
1
s t i f f n e s s  iiitxbrix , and i n  th e  d e te r m in a t io n  o f  th e  e l a s t i c  con­
s t a n t s ,  e q u a t io n  (2 . 2 ) a p p e a rs  to  be o f  g r e a t e r  a p p l i c a t i o n ;  hence
w ith  s u b s c r i p t  i  to  den o te  th e  i  l a y e r
n
K
1 = 1
where K has  c o e f f i c i e n t s  
n
K11 h  (ni)i
K.
e tc ,
where
[ = 1  
[c] =
ta k e s  th e  form 
1
( i “ V Vxy yx
EX V Exy X
V E . Eyx y y
0 0
(2,55)
G ( i — y V \xy xy yx)
(2.36)
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Hence [ 4 has  te rm s Xi  •“ y V
xy yx
tv  E 
i  V V
xy yx
0
t v
1 -  V V
xy yx
th
 : ) L _
1 -  V Vxy yx
0
0
0
tG ty
( 2 . 3 7 )
Hencew
we can  d e te rm in e  th e  o v e r a l l  e l a s t i c  c o n s t a n t s  i n  te rm s  o f 
from e q u a t io n  (2 ,5 7 )  as
E
E
1 (^^11 ^22 “ ^12 ^21
K
i(
22
K i i  Kga -
K11
xy
^12
G
xy
K ll
1
T
; yx ^22
^66
(2 .5 S )
Note K 2^ = ^21
Hence, f o r  exam ple, f o r  a com posite  c y l i n d e r  c o n s i s t i n g  o f
th r e e  l a y e r  c o n f i g u r a t i o n s ,  one l o n g i t u d i n a l l y  wound l a y e r ,  d e s ig n a te d
by s u b s c r i p t  "1 ", ta k e n  to  l i e  a t  o, -  0 ^; one c i r c u n f e r e n t i a l l y  wound
l a y e r ,  d e s ig n a t e d  by s u b s c r i p t  " c " ,  ta k e n  to  l i e  a t  a  = 90°; and one
h e l i c a l l y  wound l a y e r  d e s ig n a te d  by s u b s c r i p t  ”h " ,  th e  e q u iv a l e n t
com posite  w a l l  e l a s t i c  c o n s t a n t s  a r e  a s  f o l l o w s ,  where t . , t  , t ,  a r e’ 1 ’ c ’ h
th e  t h i c k n e s s e s  o f  eanh l a y e r  and t  i s  th e  t o t a l  w a l l  t h i c k n e s s .
tE % _____ + h i + f f h _____
+
1
E, rh e  _
^ '“^TL^LT
+
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y+ V f^ L ^ c"TI/T 4
n  h
^TL ^ 'lT ^ÏL ^ LT ^k l
V
yx
^ t A ^ I  . + A ? h ± A  + Z j O l f A h
•^ 4^ LT ^ T^L ]^7J ^TL AZ^LlZlS
^XE 'S
 ^LT^TL ^TL ^ LT ^ ’" '^XXI.
^"^LT^TL •^"'^LT^ ^TL . . ^ n i 7 4 j l
^ & A J  + " " V c  ' + ^1A
^"^'tL^LT -^^TL^LT ^'"'^iriZlII
tGxy A A l  V f ’^ c '^ ' ^ n f h  (2*39)
B. T.^ ®- s„4 H.®..4 i l  b en d in g .
The s t i f f n e s s e s  due to  b en d in g  may be d e te rm in e d  i n  a  s i m i l a r  
nianner to  t h a t  u sed  f o r  e x t e n s io n a l  s t i f f n e s s e s .  I t  has  been  shown 
( R e f ; l i )  t h a t  th e  e l a s t i c  c o n s t a n t s  a s s o c i a t e d  w i th  b e n d in g  d i f f e r  
from th o s e  f o r  e x te n s io n  f o r  a  m u l t i - l a y e r  o r t h o t r o p i c  s h e l l ,  and 
hence th e  b e n d in g  s t i f f n e s s  can n o t s im ply  be d e te rm in e d  from  D = E I  
v/here E i s  th e  e x t e n s io n a l  c o n s ta n t  and I  i s  th e  moment o f  i n e r t i a  
o f  th e  c r o s s  s e c t i o n .  The e q u iv a l e n t  e l a s t i c  c o n s t a n t s  to  be u sed  
when s o lv in g  th e  equEitions r e l a t i n g  b e n d in g  moments and  c u r v a tu r e s .
%x
M V LI
D ( 1 - v '  V '  ) D ( l - v ’ V 'x^ xy yx" y^ xy yx
V ' I I  Myx X + y
Ay “ " D ( l - v ’ V ) f T U v '  V' jy^ xy yx-' y^ xy yx-'
4 4
-1 M V ^ H I-  2 ( 2 . 4 0xy
can be determ ined, ae f u n c t i o n s  o f  th e  e x t e n s io n a l  e l a s t i c  c o n s ta n t s  
a s
D * = D_. l\ -  S [2 1 ) ^  r  s h= t  - ^ x y  ^ y x  )
C2C4 _ C.,G3
^ 1 - ^ 3
= - ' 'x y '^ y x  ) -
« 2 ^ 4 -
d !  = D__fl -  1 = = e ' j .y
'^■12*^4
■ ' -  "  ''"'1 h 4
V x  ‘^■2 Ù ’2 “  ^ 1 1 ^ 3
V  A i g G i -  ^ 2 2 ^%
(2.4-1 )
■  hi Ah)' *
(E l).,
Y/here D = i s  th e  f l e x u r a l  r i g i d i t y  o f  the  m a t e r i a lX 1 -v  Vxy yx
c o r re s p o n d in g  to
D = (^ ^ )y  i s  th e  f l e x u r a l  r i g i d i t y  c o r re sp o n d in g  to  M
^  1 -v  ”v ^xy y]c
D -  (GI) i s  th e  t o r s i o n a l  r i g i d i t y  c o r re s p o n d in g  to  Mxy xy xy
and p rim ed  c o n s ta n t s  E ' , E ’ , G' , v' , v' a r e  th o s e  e q u iv a l e n tx ’ y '  x y '  x y '  yx
c o n s ta n t s  a^sso c ia ted  w i th  b e n d in g ,  and th e  te rm s  A., and C. a r eOk j
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d e f in e d  a s  f o l lo w s  i n  te rm s o f  th e  e x t e n s io n a l  and b en d in g  s t i f f n e s s e s
a£
n  ,  .
A . .  = Aoon  b_.i = - r x g i  i=by._j_n
*12 ■ *21 - Z  ( -  i r b  I *66 " Z - y t T
: i m  1  * 1 1  .  * i 2 | i v v j
= 2  ■ [ * n l / g %  + * i 2 j J , g ]
= 3 ■ [è{i) * * 2 2 Z & .  * ]
<=1
t hwhere i n  a l l  c a s e s  th e  s u b s c r i p t  ' i ' d en o te s  th e  i  l a y e r  and th e  
summation i s  f o r  the- ' n ’ l a y e r s  o f  th e  co m posite .
R a th e r  s im p le r  a p p ro x im a te  e x p re s s io n s  f o r  th e s e  e l a s t i c  
c o n s t a n t s  may be d e r iv e d  i f  th e  p ro d u c ts  o f  th e  P o is s o n  r a t i o s  a r e  
sm all  compared to  u n i t y  and a r e  n e g le c te d .  A l t e r n a t i v e l y  th e y  may 
be d e r iv e d  by c o n s id e r in g  th e  p r o p o r t io n s  t h a t  each  l a y e r  c o n t r i b u t e s  
to  th e  moment o f  i n e r t i a  o f  th e  com posite  s e c t i o n .  The f o l lo w in g  
r e l a t i o n s  a r e  th u s  d e r iv e d  which m ight s e rv e  to  p ro v id e  v a lu e s  f o r  a 
p r e l im in a r y  d e s ig n  s tu d y  o f  c y l i n d e r  s t r e n g t h s .
-
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■ ■ S 3 - . ( a  -  ' A ' )
- - ' A l
y x  “  D'
/ i =1 i
b x  = -----------------------------   ( 2 . 4 2 )
y
n
/ _ i =1 " 1
^ x y  '
n
y ,  h  *  I
*fc]nwhere I  , I  a r e  moments o f  i n e r t i a  o f  i  " l a y e r  a b o u t  i t s  ovm 
^ i  ^ i
c e n t r o ic l a l  a x i s  and i s  th e  d i s t a n c e  o f  th e  c e n t r o i d a l  a x i s  o f  th e  
thi  l a y e r  from  t h a t  o f  th e  la m in a te .
F a i l u r e  o f  a  Lam inate
F a i l u r e  i n  e n g in e e r in g  te rm s im p l ie s  t h a t  th e  a p p l i e d  lo a d s  
have cau sed  s u f f i c i e n t  d e fo rm a t io n  o f  th e  s t r u c t u r e  to  i n h i b i t  i t s  
f u r t h e r  s a t i s f a c t o r y  f u n c t i o n i n g  u n d e r  th e se  lo a d s .  V/ith s u i t a b l e  
l a y e r  t h i c lm e s s  r a t i o s  and a p p r o p r i a t e  f i l a m e n t  o r i e n t a t i o n  w i th in  
th e  l a y e r s ,  a  f i l a m e n t  wound s t r u c t u r e  can  be e x p ec te d  to  r e s i s t  
a p p l i e d  l o a d in g s  e f f i c i e n t l y .  To d e s ig n  a  s t r u c t u r e  em ploy ing  
f i l a m e n t  vrinding a knowledge o f  i t s  s t r e n g t h  i s  d e s i r a b l e  and th e  
s t r e s s e s  and s t r a i n s  halving b een  c a l c u l a t e d  i n  th e  l a y e r s ,  th e  f a i l u r e  
o f  th e  s t r u c t u r e  r e q u i r e s  some c r i t e r i o n  by which i t s  s t r e n g t h  may be 
judged .
The commonly a p p l i e d  a n i s o t r o p i c  y i e l d  c r i t e r i a  a l l  h a v in g  the
form
- f i f  u b f  -  ' ( = ■ «
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where X, Y, and S a r e  tiie a l lo w a b le  l o n g i t u d i n a l ,  t r a n s v e r s e  and 
s h e a r in g  s t r e n g t h s  o f  a  u n i d i r e c t i o n a l  l a y e r ,  has  been  s u g g e s te d  
i n  v a r io u s  forms by many i n v a s t i g a t o r s .  (R efi 1 2 ) ,  I t  i s  u s u a l l y  
assumed t h a t  f a i l u r e  by y i e l d i n g  and by u l t i m a t e  s t r e n g t h  a r e  
synonymous so t h a t  th e  s t r e s s  i n t e r a c t i o n  e q u a t io n s  o f  t h i s  ty p e  may 
be a p p l i e d .  T h is  a ssu m p tio n  has  been shown to  bo r e a s o n a b le  f o r  
g la s s - e p o x y  r e s i n  com p o si tes  (R ef: 12) and th e  u se  o f  th e s e  
e q u a t io n s  i s  r e p r e s e n t a t i v e  o f  th e  p r e s e n t  s t a t e  o f  th e  a r t .
Where k -  1 ,  e q u a t io n  (2 .4 o )  red u ces  to  t h a t  p ro p o sed  by s e v e r a l  
i n v e s t i g a t o r s  which d i f f e r s  o n ly  i n  th e  den o m in a to r  o f  th e  second  
te rm  from  t h a t  p roposed  by T sa i  where k  = ™ (R ef: 1 2 ) .  7/here k  = 0. 
th e  e q u a t io n  2 .4 5  re d u c es  to  th e  e l l i p s o i d a l  e x p r e s s io n  p ro p o sed  i n  
ABC -  18 f o r  wooden a i r c r a f t  s t r u c t u r e s  (R ef: 1 5 ) .  Where b o th
and a r e  i n  t e n s i o n ,  th e  u s e  o f  k ~ 0 w i l l  p r e d i c t  low er v a lu e s  
a t  f a i l u r e  and t h e r e f o r e  i s  s a f e r  to  use  from th e  d e s ig n  p o i n t  o f  
view  th a n  th e  more commonly a p p l i e d  ’' d i s t o r t i o n a l  energy"  c o n d i t i o n  
o b ta in e d  by l e t t i n g  k  -  — , S e v e ra l  i n v e s t i g a t o r s  have shown t h i s  
form o f  th e  e q u a t io n  to  be v a l i d  f o r  th e  p r e d i c t i o n  o f  s t r e n g t h  o f  
m u l t i - l a y e r  p l a t e s  lo a d ed  i n  t e n s i o n ,  and th e  v a lu e s  o b ta in e d  th e re b y  
to  d i f f e r  l i t t l e  from v a lu e s  c a l c u l a t e d  by th e  AITC -  18 m ethod.
T y p ic a l  v a lu e s  f o r  th e  s t r e n g t h s  X, Y, and  S r e p o r t e d  i n  
l i t e r a t u r e  a r e  n o te d  i n  t a b l e  1 .
Under th e  b a s i c  a ssu m p tio n  im p l ie d  by th e  u se  o f  th e  " d i s t o r ­
t io n a l .  en erg y "  c o n d i t i o n  o f  f a i l u r e  s t r e n g t h  th e  y i e l d  c o n d i t i o n  must 
be a p p l i e d  to  th e  s t a t e  o f  s t r e s s  e x p re s s e d  i n  th e  c o o r d in a te  system  
c o in c i d e n t  w i th  t h a t  o f  m a t e r i a l  symmetry. Hence, th e  s t a t e s  o f
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TA13LE I .
T y p ic a l  v a lu e s  o f  X, Y and S, th e  a l lo w a b le  s t r e n g t h  in  
th e  l o n g i t u d i n a l , t r a n s v e r s e  and s h e a r  d i r e c t i o n s  q u o ted  by 
r e f e r e n c e s  f o r  g la s s / e p o x y  m a t e r i a l .
Type o f A llow ab le  s t r e n g t h s  .
Load X k s i Y k s i S k s i R e fe ren c e
T ension 150 4 6 12
T ension 165-178 8 9 16
Com pression 207 12 9 ' '
Com pression 400 12 7 15
Com pression 210 22
(S“g l a s s )
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s t r e s s  and s t r a i n  i n  each  l a y e r  must f i r s t  be d e te rm in e d ,  and f o r  
th e  i n v e s t i g a t i o n  o f  i t s  s t r e n g t h ,  be r e s o lv e d  a lo n g  th e  p r i n c i p a l  
d i r e c t i o n s  o f  th e  l a y e r .  T h is  can  be done by a  s im p le  t r a n s f o r m ­
a t i o n  u s in g  th e  t r a n s f o r m a t io n  r ra t iû x r *1 hL . r 1
f i
a s  d e f in e d  i n
e q u a t io n  ( 2 ,1 5 ) ,  i , e ,  "  L O where o j^  d e n o tes
th e  s t r e s s e s  i n  th e  a x i a l  and c i r c u m f e r e n t i a l  d i r e c t i o n s  o f  th e
c y l i n d e r  o f  th e  i  l a y e r ,  | 0^ j  ^ can  be e x p re s se d  i n  th e
g e n e r a l i s e d  form  o f  e q u a t io n  ( 2 , 2 l )  f o r  a s y jm n e tr ic a l ly  la m in a ted
s h e l l  o f  ' n ’ d i f f e r e n t  o r t h o t r o p i c  l a y e r s  (where each, o f  th e  ' n ’
thl a y e r s  com prises  a l l  i d e n t i c a l  l a y e r s  o f  th e  i  c o n f i g u r a t i o n  i n
th e  la m in a te )  a s  o |^  -  A | 0 ( 2 , 4 4 )
r  _ i -
.A J
1 - 1
i . e .  th e  s t r e s s  i n  th e  i  l a y e r  r e f e r r e d  to  th e  a x es  o f  m a t e r i a l  
symmetry may be o b ta in e d  from
[ o g - w y r  [ * " ] - ’ [ » ]  ( * • « )
The v a r io u s  co m b in a tio n s  o f  w in d in g  p a t t e r n s  employed may now 
be s t u d i e d  u s in g  e q u a t io n s  ( 2 , 2i )  o r  i t s  more g e n e r a l  form ( 2 ,4 4 ) ,
The two most commonly employed co m b in a tio n s  c o m p r is in g  c i r c u m f e r e n t i a l  
and  l o n g i t u d i n a l  w in d in g s  o r  c i r c u m f e r e n t i a l  and h e l i c a l  w ind ings  have 
been  d e t a i l e d  i n  R ef: 7 i n  te rm s o f  th e  s t r e s s  r a t i o s  r e f e r e n c e d  to  
a p p l i e d  s t r e s s  i n  th e  c i r c u m f e r e n t i a l  d i r e c t i o n s .
I t  i s  w o rth  commenting h e r e ,  t h a t ,  as  i s  c l e a r l y  d e m o n s tra ted  
i n  R ef: 7 ,  th e  s t r e s s e s  i n  an  i n d i v i d u a l  l a y e r  o f  a  lamiinate may 
r e a c h  th e  l e v e l  a t  whj.ch f a i l u r e  o f  the  l a y e r  w i l l  o c c u r  w h ile  th e  
a p p a r e n t  s t r e s s  l e v e l  o b ta in e d  by d i v id in g  th e  a p p l i e d  lo ad  by th e
5 0
w a ll  th i c k n e s s  i s  a t  a  "safçi" l e v e l .  The re m a in in g  l a y e r s  may he 
a b le  to  s u s t a i n  th e  e x i s t i n g  lo a d ,  b u t  on f u r t h e r  i n c r e o s e  o f  th e  
lo a d  t h e s e ,  to o ,  may re a c h  th e  u l t i m a t e  s t r e n g t h  a t  which f a i l u r e  
o c c u r s .  T h is  f a c t  would make i t  seem re a s o n a b le  t h a t  f a i l u r e  o f  
th e  c y l i n d e r  would o ccu r  be tw een  th e  f a i l u r e  bounds g e n e r a te d  by 
c o n s id e r in g  th e  w in d in g  p a t t e r n  u sed ,  and d e te r m in in g  th e  s t r e n g t h  
o f  each  type  o f  l a y e r  wound.
As shown e a r l i e r ,  th e  membrane th e o ry  can  be r e a s o n a b ly  a p p l i e d  
to  th e  a n a l y s i s  o f  s h e l l s  w i th  h ig h  r a d iu s  to  th i c k n e s s  r a t i o s  and 
c o n s i s t i n g  o f  a r e a s o n a b le  number o f  uns^m im etr ica lly  l a i d  l a y e r s .
I n  t h i s  c ase  th e  e q u iv a l e n t  e l a s t i c  c o n s ta n t s  a s s o c i a t e d  w i th  s t r e t c h ­
in g  a r e  a p p l i e d  i n  th e  a n a l y s i s .  However, where i t  i s  d e s i r e d  to  
a n a ly s e  d i s c o n t i n u i t y  s t r e s s e s  and s t r e s s e s  from l o c a l  lo a d s  i n  f i b r e  
g l a s s  s h e l l s ,  i t  i s  n e c e s s a r y  to  know th e  b e n d in g  s o l u t i o n s .  I n  
many c a s e s ,  a s  i s  shown in  Ref; 11, th e  b en d in g  s o l u t i o n s  f o r  
i s o t r o p i c  s h e l l s  u n d e r  s i m i l a r  c o n d i t io n s  ( o b ta in e d  f o r  example from 
Ref; 23 ) may be employed p ro v id e d  t h a t  th e  n e c e s s a r y  m o d i f i c a t i o n s  
a r e  mn.de to  u se  where n e c e s s a r y  th e  e q u iv a l e n t  e l a s t i c  c o n s t a n t s  
a s s o c i a t e d  w i th  b en d in g  to  tak e  acco u n t o f  th e  f a c t  t h a t  th e  e q u iv a l e n t  
c o n s ta n t s  d i f f e r  f o r  b e n d in g  and s t r e t c h i n g  i n  a  m u l t i - l a y e r e d  
o r t h o t r o p i c  s h e l l .
Vdiere a  f i l a m e n t  wound c y l i n d e r  i s  u sed  a s  a  p r e s s u r e  v e s s e l  
o n ly ,  t h e r e  w i l l  be no b u c k l in g  problem  b u t  when i t  i s  e x p ec te d  to  
c a r r y  a d d i t i o n a l  lo a d s  where e i t h e r  o ^ o r  o ^ o r  b o th  a r e  i n  
co m press ion  th e  p o s s i b i l i t y  o f  b u c k l in g  r a t h e r  th a n  m a t e r i a l  f a i l u r e  
o c c u r r in g  e x i s t s  and p r e d i c t i o n  o f  f a i l u r e  s t r e n g t h  by use  o f  th e
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i n t e r a c t i o n  fo rm u la  i s  l e s s  r e l i a b l e .  The o n s e t  o f  b u c k l in g  i s  
alw ays d i f f i c u l t  to  p r e d i c t  and  t l i i s  i s  hampered even  f u r t h e r  b^/ 
th e  l a c k  o f  e x p e r im e n ta l  d a t a  a v a i l a b l e .  P r e d i c t i o n s  o f  s t r e n g t h  
f o r  even  i s o t r o p i c  m a t e r i a l s  a r e  a lw ays much h i g h e r  th a n  th e  
e x p e r im e n ta l  v a lu e s  o b ta in e d .  These p r e d i c t i o n s  o f  b u c k l in g  
s t r e n g t h  a r e  u s u a l l y  b a se d  on th e  sm all  d e f l e c t i o n  th e o r y ,  and i n  
th e  case  o f  a n i s o t r o p i c  m a t e r i a l s ,  th e  a p p l i c a t i o n  o f  a  l a r g e  
d e f l e c t i o n  th e o r y  such  a s  t h a t  advanced  by Von Karman and T s ie n  i s  
v e r y  complex, (R ef: 1 4 ) .
A d e t a i l e d  s tu d y  o f  th e  b u c k l in g  o f a f i l a m e n t  wound s h e l l  i s  
beyond th e  scope  o f  t h i s  p r e s e n t  work and th e  f o l l o w i n g  n o te s  o re  
in te n d e d  o n ly  a s  a  g u id e  to  some o f  th e  a p p ro x im a te  e x p r e s s io n s  
p ro p o sed  by i n v e s t i g a t o r s  f o r  th e  p r e d i c t i o n  o f  b e h a v io u r  o f  th e  
com posite  s h e l l  u n d e r  b u c k l in g  c o n d i t i o n s .
R ecen t work r e p o r t e d  i n  R ef; 15 u s in g  a  d e r iv e d  e q u a t io n  f o r  
sm all  d e f l e c t i o n  b u c k l in g  f o r  an  o r t h o t r o p i c  m u l t i - l a y e r e d  c y l in d e r -  
u n d e r  a p p l i e d  l o a d s . p ro v id e d  p r e d i c t i o n s  f o r  th e  s t r e n g t h  u n d e r  
a p p l i e d  a x i a l  com p ress io n  t h a t  compared a s  f a v o u r a b ly  w ith  e x p e r im e n ta l  
d a ta  a s  would have p r e d i c t i o n s  made f o r  i s o t r o p i c  m e ta l  c y l i n d e r s  
p ro v id e d  th e  a s su m p tio n  t h a t  th e  c y l i n d e r  m a t r ix  behaves  l i n e a r l y ,  
h o ld s .  T h is  was found  to  be t r u e  f o r  low a n g le s  o f  wind and. non - 
l i n i a r i t y  o f  b e h a v io u r  f o r  th e  m a t r ix  v;as s u s p e c te d  a s  th e  cause  f o r  
l e s s  c lo s e  ag reem en t a s  th e  a n g le  o f  wind was in c r e a s e d .  T h is  
d e r iv e d  e q u a t i o n  to o k  i n t o  a c c o u n t  c o u p l in g  and  b en d in g  s t i f f n e s s e s  
a s  w e l l  a s  e x te n s ic n -a l  s t i f f n e s s e s  end a com parison  vûtl! th e  r e s u l t s  
o b ta in e d  by i g n o r i n g  th e  c o u p l in g  e f f e c t  i n d i c a t e d  t h a t ,  f o r  tu b e s
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of th e  c o n f i g u r a t i o n  u sed  w i th  a sm all  number o f  l a y e r s  l a i d
a l t e r n a t e l y ,  c o u p l in g  e f f e c t s  were s m a l l ,
I t i r t h e r  v/ork on f i l a m e n t  wound c y l in d e r s  u n d e r  v a r io u s  lo a d
c o n d i t i o n s  h a s  shown t h a t  t h i s  e q u a t io n  (R ef: lo )  p ro v id e d
p r e d i c t i o n s  o f  s t r e n g t h  t h a t  gave good ag reem en t w ith  experim entaJ. 
p r e d i c t i o n s  o f  s t r e n g t h  t h a t  gave good ag reem en t w ith  experim entaJ. 
v a lu e s  f o r  b u c k l in g  f a i l u r e  u n d e r  e x t e r n a l  p r e s s u r e  lo a d ,  a l th o u g h
r e s u l t s  were in c o n c lu s iv e  f o r  a x i a l  com press ion  lo a d s  f o r  th e
c o n f i g u r a t i o n  o f  c y l i n d e r  employed, (Ref: 1 6 ) ,
The e q u a t io n  employed i n  Ref; 15 was a  Donne11- ty p e  s t a b i l i t y
e q u a t io n  d e r iv e d  from R ef: 17 i n  which th e  b e n d in g ,  c o u p l in g  and
e x t e n s i o n a l  s t i f f n e s s e s  o f  th e  c y l in d e r  w a l l  a r e  in c lu d e d .
I s o t r o p i c  s h e l l  s t u d i e s  have shov/n t h a t  i n i t i a l  w a l l
i r r e g u l a r i t i e s  from  th e  c i r c u l a r  c ro s s  s e c t i o n  have a  marked
d e t r i m e n t a l  e f f e c t  on b u c k l in g  s t r e n g t h  and a s  i n i t i a , !  d e v i a t i o n s
a r e  l i k e l y  to  be more s e v e re  and p r e s e n t  to  a  l a r g e r  e x t e n t  i n  a
f i l a m e n t  wound s t r u c t u r e ,  th e  w in d in g  p ro c e s s  in v o lv e d  may cause
th e  l o c a l  w a l l  s t r e n g t h  to  v a ry  a g r e a t  d e a l ,
A s im p le r  e x p r e s s io n ,  a l s o  based  on sm a ll  d e f l e c t i o n  th e o r y ,
f o r  p r e d i c t i n g  th e  c r i t i c a l  com press ive  s t r e s s  th a n  t h a t  d e r iv e d  i n
Ref: 15 h as  been  p r e s e n te d  by Dow and Rosen (R ef; 18) f o r  o r t h o t r o p i c
s h e l l s  o f  r a d i u s  r  and th i c k n e s s  t .
® cr = ( i I t l T u r x A n r ^ ) ] ( 2 . 4 6 )
-xy y X.
where
4 - =  1 o r  [ 2 G ^ y ( l  + ( v ^ y V y p - ^ ) / ( 3 Y g ) t ] “
w h ich ev e r  i s  th e  s i m l l e r ,  and K i s  a  c o e f f i c i e n t  <  1 = To a l lo w  f o r
th e  in a d e q u a c ie s  o f  th e  sm all  d e f l e c t i o n  th e o r y  and th e  p re s e n c e  of
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i n i t i a l  w a l l  d e v i a t i o n s ,  a v a lu e  much l e s s  th a n  1 s h o u ld  he 
employed f o r  d e s ig n  p u rp o s e s .
A lth o u g h  the sm all  d e f l e c t i o n  th e o ry  c o n ten d s  t h a t  th e  p re se n c e  
o f  i n t e r n a l  pressure has  no e f f e c t  on b i io k l in j  strengths o" 
i s o t r o p i c  c y l i n d e r s , s e v e r a l  i n v e s t i g a t o r s  have shown l a t e r a l  
p r e s s u r e  to  bo o f  im p o r tan ce  i n  d e la y in g  th e  o n s e t  o f  b u ck in g  i n  
c y l i n d e r s  u n d e r  compressive loading. Kov;evor i t  has  b e en  shovm 
t h a t  t h e r e  i s  an  u p p e r  l i m i t  beyond which th e  e f f e c t  o f  i n t e r n a l  
p r e s s u r e  i n  s t r f o i l i s i n y  c y l in d r i c a . l  s h e l l s  becomes ncmli q ,il) lo . For 
i s o t r o p i c  s h e l l s ,  th e  p a ra m e te r  which i n d i c a t e s  th e  l i n t  t ap p eax r  to  
be a t  -g (%) -  0 .1 6 0  and i t  would seen  l i k e ] ,y t h a t  hie l a r g e r
w a l l  i r r e g u l a r i t i e s  p o s s i b l e  w i th  f i l a m e n t  wound v e s s e l s  would e.ako 
th e  v a lu e  o f  such  a p a ra m e te r  h ig h e r .
F o r  th e  p roblem  o f  b u c k l in g  u n d e r  t o r s i o n a l  l o a d s ,  D onne ll  e t  
a l i i  showed t h a t  th e  f o l lo w in g  r e l a t i o n  p r e d i c t e d  biickliïpj; s t r o ï i j t h s  
v/hich were i n  ag reem en t w i th  th o se  experimentally o b ta in e d .  ( h e f ; l f , 20 )
fj b
whore J.< l e n g th  o f  c y l i n d e r
F t  3
i) 1 2 ( l - v ^ )
T 2  1
7, .  ( i - p -
end -  0 .S 5  1 - f o r  s im ply  s u p p o r te d  edges
h
and ly  = 0 ,9 5  Z '  f o r  clamped cag e s .
An a p p ro x im a t io n  f o r  an  o r t h o t r o p i c  c y l i n d e r  u n d e r  t o r s i o n  o b ta in e d  
by assu m in g  t h a t  t h r  c y l i n d e r  i s  an e q u iv a l e n t  i s o t r o p i c  c / l i n d n ^
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would h o ld  i l  th e  a x i s  o f  th e  c y l in d e r  i s  i n  l i n e  w i th  one o f  th e
p r i n c i p a l  a x e s .  Then th e  e q u iv a l e n t  i s o t r o p i c  e l a s t i c  c o n s ta n t s
can he r e p r e s e n t e d  by th e  geom etrica]. mean v a lu e s  o f  th e  e l a . s t i c
c o n s ta n t s  a lo n g  th e  p r i n c i p a l  d i r e c t i o n s  o f  th e  m a t e r i a l ,
1 !.. 
i . e .  E = ( E g y ) ^ “ SM--1 V. = ( g y
The a p p l i c a t i o n  o f  i n t e r n a l  p r e s s u r e  a g a in  can d e la y  s u b s t a .n t i a l l y  
th e  o n s e t  o f  b u c k l in g ,  A s im p le  i n t e r a c t i o n  fo rm u la  was e s t a b l i s h e d
by C ra te ,  B a td o r f  and Baab (R ef; 2 l )  v/hich d e t e r n in e d  th e  c r i t i c a l
s h e a r  s t r e s s  due to  t o r s i o n  u n d e r  th e  i n f l u e n c e  o f  i n t e r n a l  p r e s s u r e  
f o r  i s o t r o p i c  c y l i n d e r s .  T h is  has  shown good agr'eement w ith  
ex p e r im en t ,  V/here ^  and. p a r e  th e  a p p l i e d  t o r s i o n a l  and i n t e r n a l
p r e s s u r e  s t r e s s e s  r e s p e c t i v e l y  and ''C^,^,a:ad p^^ a r e  th e  c r i t i c a l  s h e a r  
s t r e s s e s  i n  th e  absence  o f  p r e s s u r e  and th e  c r i t i c a l  h y d r o s t a t i c  
p r e s s u r e  w hich cau ses  b u c k l in g  i n  the  absence  o f  t o r s i o n  r e s p e c t i v e l y  
th e  e a u a t i o n  d e r iv e d  i s : /  n-
T h is  e q u a t io n  cou ld  w e ll  p ro v id e  a  s im p le r  i n t e r a c t i o n  fo rm u la  f o r  th e  
d e te r m in a t io n  o f  th e  b u c k l in g  s t r e n g t h  o f  a  la m in a te d  c y l in d e r  u n d e r  
th e  combined a c t i o n  o f  t o r s i o n  and p r e s s u r e  th a n  th e  complex D onnell -  
ty p e  s t a b i l i t y  e q u a t io n  d e r iv e d  i n  Ref: 15.
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CmiPTER 5 Machine Design.
I n t r o d u c t i o n
G la ss  f i b r e s  f o r  f i l a m e n t  w ind ing  a r e  sup_plied b y  the  
m a n u fa u tu re rs  i n  th o  form  o f  r o v in g  7/ound on to  a  s p o o l  to  form a  
package Icnoim a s  a  " c h e e se " .  Each ro v in g  i s  made up o f  s e v e r a l  
"en d s" ,  each  end c o n s i s t i n g  o f  a  l a r g e  number o f  c o n t in u o u s  
m onofi lam en ts  o f  g la s s *  The p ro c e s s  o f  f i l a m e n t  w ind ing  s t a r t i n g  
from th e  un in ip reg n a ted  r o v in g  a s  s u p p l ie d  by th e  m a n u fa c tu re r  
e n t a i l s  t h a t , - w i t h  th e  minimum l o s s  o f  s t r e n g t h  duo to  h a n d l in g  i n  
t h e i r  p a ss a g e  from  th e  c h e e se ,  th e  ro v in g s  a r e  im p reg n a te d  w ith  
th e  r e s i n  m a t r ix  to  th e  r e q u i r e d  degree  and a p p l i e d  u n d e r  t e n s i o n  
i n  some d e s ig n e d  p a t t e r n  to  th e  s u r f a c e  o f  a  fo rm e r  to  f a b r i c a t e  a  
b a la n c e d  s t r u c t u r e  w i th  h ig h  s t r e n g t h  p r o p e r t i e s ,  where th e  f i b r e s  
o r i e n t e d  i n  any d i r e c t i o n  have e q u a l  s t r e s s  a p p l i e d  to  them u n d e r  
lo a d .
Ilega-rdless  o f  w hich method o f  w ind ing  i s  em ployed, a  w ind ing  
m achine w i l l  c o n s i s t  o f  two b a s i c  i te m s ,  a  fo rm e r ,  u s u a l l y  known a s  
th e  "m andrel"  on which th e  p a r t  u n d e r  c o n s t r u c t i o n  i s  wound and a 
r e in f o r c e m e n t  f e e d i n g  head  o r  " la y in g - o n  g u id e "  which p o s i t i o n s  th e  
im p reg n a ted  ro v in g s  on to  th e  m andre l s u r f a c e .  These two item s  
move r e l a t i v e  to  each  o th e r  i n  su ch  a  manner t h a t  th e  r e in fo r c e m e n t  
i s  c o n t in u o u s ly  a p p l i e d  to  th e  m andrel a t  th e  p r e c i s e  o r i e n t a t i o n  
r e q u i r e d .  To improve th e  a c c u ra c y  o f  d i r e c t i o n a l  g u idance  o f  th e  
r e in f o r c e m e n t , th e  f i n a l  l a y in g - o n  g u ide  sh o u ld  l i e  c lo s e  to  th e  
m andrel s u r f a c e .
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As s t a t e d  b r i e f l y  i n  C h ap te r  1 , f a c t o r s  such  a s  th e  m a in tenance  
o f  th e  d e s i r e d  o r i e n t a t i o n  o f  r e in fo r c e m e n t  i n  th e  w in d in g  p a t t e r n ,  
th e  e f f i c i e n t  im p re g n a t io n  o f  th e  r e in fo r c e m e n t  w i th  th e  m a t r ix  and 
c o n t r o l  o f  th e  r e in fo r c e m e n t  volume f r a c t i o n  i n  th e  r e s u l t i n g  
com posite  m a t e r i a l  d u r in g  th e  p ro c e s s  o f  w in d in g  a r e  i n t e r - r e l a t e d  
and in f l u e n c e  g r e a t l y  th e  f i n a l  s t r e n g t h  and d e n s i t y  o f  th e  p a r t  
t h a t  i s  b e in g  wound. Of t h e s e ,  th e  w ind ing  p a t t e r n  i s  th e  most 
im p o r ta n t  a s  i t  d e te rm in e s  th e  d i r e c t i o n a l  s t r e n g t h  o f  th e  com posite  
m a t e r i a l .
The ' i d e a l ’ i s  to  o r i e n t  th e  f i b r e s  i n  th e  d i r e c t i o n  o f  th e  
p r i n c i p a l  s t r e s s e s  and p r o p o r t i o n  th e  number o f  f i b r e s  w i th  r e s p e c t  
to  th e  s i z e  o f  th o s e  p r i n c i p a l  s t r e s s e s .  I n  most s t r u c t u r e s ,  i t  i s  
g e o m e t r i c a l l y  im p o s s ib le  to o r i e n t  th e  f i b r e s  p r e c i s e l y  i n  th e  
p r i n c i p a l  s t r e s s  d i r e c t i o n s  and th e y  a r e  o r i e n t e d  a t  some a n g le  t h e r e t o  
so t h a t  a b a la n c e d  s t r u c t u r e  i s  a c h ie v e d .  As th e  p re v io u s  c h a p te r  
showed, a n a l y s i s  o f  th e  s t r e n g t h  o f  a  v e s s e l  i s  b a se d  on th e  p ro p ­
e r t i e s  o f  th e  c o n s t i t u e n t  m a t e r i a l s  and th e  o r i e n t a t i o n  a n g le  a t  which 
th e  f i b r e s  i n  each  l a y e r  a r e  l a i d .  The im p o r tan ce  o f  c lo se  m ain tenance  
d u r in g  w in d in g  o f  th e  a n g le  o f  wind d i c t a t e d  by th e  d e s ig n  i s  e v id e n t  
on s tu d y  o f  e q u a t io n s  2*18, 2 ,29  and 2 ,3 0  f o r  an  o r i e n t e d  u n id i r e c t - r  
i o n a l  l a y e r  and a  b a lan c e d  h e l i c a l  wound l a y e r  r e s p e c t i v e l y ,  where 
th e  e l a s t i c  c o n s ta n t s  a r e  o b ta in e d  i n  term s o f  th e  e l a s t i c  c o n s ta n t s  
a lo n g  and t r a n s v e r s e  to  th e  f i b r e s  and th e  f o u r t h  power o f  th e  
d i r e c t i o n  c o s in e s  o f  th e  o r i e n t a t i o n  a n g le .
I t  i s  assumed a l s o  i n  th e  a n a l y s i s  t h a t  th e  f i b r e s  a r e  vinifcrm.ly 
d i s t r i b u t e d  o v e r  th e  s u r f a c e  o f  th e  m andre l.  I f  t h i s  i s  n o t  th e  c a s e .
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th e  i n t e r s t i c e s  l e f t  i n  th e  w ind ing  p a t t e r n  w i l l  e i t h e r  rem ain  as 
v o id s  o r ,  i f  e x c e s s  r e s i n  i s  p r e s e n t ,  w i l l  become r e s i n - r i c h  a r e a s .
As th e  r e s i n  s t r e n g t h  i s  low i n  com parison  w ith  t h a t  o f  th e  g l a s s ,  
t h e  e f f e c t  i n  e i t h e r  c a se  w i l l  bo to  form a weak p o i n t  in  the  v e s s e l  
w a l l  from  where f a i l u r e  may be i n i t i a t e d  a t  a v a lu e  much below 
d e s ig n  s t r e n g t h .  R e l a t i v e l y  s n a i l  s t r e s s e s  i n  th e  com posite  w a l l  
may l e a d  t o  h ig h  s t r a i n  l e v e l s  i n  th e  r e s i n  b ecau se  o f  th e  h ig h  
r e s i s t a n c e  to  d e fo rm a t io n  o f  th e  g l a s s  r e in f o r c e m e n t  and th e s e  may 
cause  f a i l u r e  i n  th e  r e s i n .  A p r a c t i c a l  e f f e c t  o f  n o n - u n i f o r m i ty  
o f  w in d in g  p a t t e r n  i s  th e  v a r i a t i o n  o f  w a l l  t h i c k n e s s  t h a t  can occu r  
w i th  o v e r la p p in g  o f  f i l a m e n t  bands i n  one l o c a t i o n  and v o id s  e l s e ­
w here . T h is  can  cause  cu m u la t iv e  d i s l o c a t i o n  o f  o r i e n t a t i o n  and 
p a t t e r n  i n  su b se q u e n t  l a y e r s .
Of th e  t h r e e  ty p e s  o f  w ind ing  p a t t e r n ,  h e l i c a l ,  p o l a r  o r  hoop, 
i t  was c o n s id e re d  t h a t  th e  f i r s t  co u ld  be th e  most f l e x i b l e  i n  
a p p l i c a t i o n  t o  a  s tu d y  o f  f i l a m e n t  w ind ing . T h is  type  o f  w ind ing , 
where th e  ro v in g  i s  a p p l i e d  i n  in te rw o v en  h e l i c a l  p a th s  r e q u i r e s  
p r e c i s e  c o n t r o l  to  d i s t r i b u t e  th e  m a t e r i a l  ev en ly  o v e r  th e  mandrel, 
b u t  by v a r y in g  th e  a n g le  o f  wind a n d /o r  a d d in g  a d d i t i o n a l  hoop 
w in d in g s , any r a t i o  o f  hoop to  l o n g i t u d i n a l  s t r e n g t h  may be o b ta in e d .  
The d e s ig n  f o r  a machine f o r  t h i s  ty p e  o f  w ind ing  may be more complex 
th a n  f o r  th e  p o l a r  w in d in g  method, e s p e c i a l l y  i f  th e  f a b r i c a t i o n  o f  
f i l a m e n t  wound p a r t s  o f  v a r y in g  c r o s s - s e c t i o n  i s  to  be c o n s id e re d .
I n  t h i s  work, how ever, o n ly  c y l i n d r i c a l  t e s t  specim ens o f  u n ifo rm  
c r o s s - s e c t i o n  were p ro d u ced .
I n  a h e l i c a l  w ind ing  m achine, th e  m andre l i s  r o t a t e d  a b o u t i t s
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l o n g i t u d i n a l  a x i s  while th e  la y in g - o n  gu ide  i s  t r a v e r s e d  to  and f r o  
a lo n g  th e  m andre l and th e  a n g le  o f  w ind ing  i s  d e te rm in e d  by th e  
r a t i o  o f  th e  c i r c u m f e r e n t i a l  v e l o c i t y  o f  th e  m andre l to  th e  t r a v e r s i n g  
v e l o c i t y  o f th e  g u id e .  I t  i s  th u s  t h e o r e t i c a l l y  f e a s i b l e  to  pe rfo rm  
a l l  t h r e e  ty p e s  o f  w ind ing  o p e r a t i o n  on such  a  m achine p ro v id e d  t h a t  
a  s u f f i c i e n t l y  l a r g e  ran g e  o f  r e l a t i v e  sj)eeds i s  a v e i i la b le  to  p e rm it  
th e  v a r i a t i o n  o f  th e  a n g le  o f  wind from t h a t  r e q u i r e d  f o r  hoop 
w ind ings  (d e te rm in e d  f o r  a  r o v in g  band w id th  ’w ' and m andrel r a d i u s  
’r* by th e  r e l a t i o n  t a n  ) to  th e  low a n g le s  o f  wind employed
f o r  p o l a r  w in d in g s , d e te rm in e d  u s u a l l y  by v e s s e l  end dome 
c o n f i g u r a t i o n s ,  a l th o u g h  i n  p r a c t i c e ,  th e  w rap p in g  o f  th e  f i l a m e n t s  
a ro u n d  th e  end o f  th e  v e s s e l  a t  v e ry  low a n g le s  o f  w ind would r e q u i r e  
s p e c i a l  a t t e n t i o n  i n  th e  d e s ig n  o f  th e  m achine.
I n  a d d i t i o n  to  th e  c o n t r o l  o f  th e  r e l a t i v e  sp ee d  r a t i o  o f  th e  
m andre l and g u id e ,  c o n t r o l  o f  th e  gu ide  a t  each  end o f  i t s  t r a v e r s e  
must be p o s s i b l e  to  en su re  th e  d e s i r e d  p a t t e r n  o f  r o v in g  a p p l i c a t i o n  
r e q u i r e d  to  l a y  each  s u c c e s s iv e  band o f ro v in g s  a lo n g s id e  a  p r e v io u s  
band i s  m a in ta in e d ,  so t h a t  a  l a y e r  c o m p le te ly  c o v e r in g  th e  m andre l 
s u r f a c e  to  a  u n ifo rm  th i c k n e s s  i s  b u i l t  up , f r e e  from  e i t h e r  o v e r ­
l a p p in g  o f  th e  f i l a m e n t  bands o r  r e s i n  r i c h  a r e a s  t o t a l l y  d ev o id  o f  
f i l a m e n t s .  T h is  e n t a i l s  a p p ly in g  a  d e lay  to  ' th e  c a r r i a g e  a t  each  
end o f  th e  t r a v e r s e .  vYhen w in d in g  open-ended c y l i n d r i c a l  v e s s e l s  
th e  r e s u l t i n g  b u i ld - u p  o f  w a l l  th i c k n e s s  a t  each  end may be 
u n d e s i r a b l e  and cause  d i s l o c a t i o n  o f  th e  w in d in g  p a t t e r n .  A s tu d y  
o f  t h i s  p rob lem  has  been  made and i s  d e t a i l e d  i n  Appendix 2.
Im p re g n a t io n  o f  ro v in g s  w i th  th e  r e s i n  m a t r ix  may be c a r r i e d
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o u t by th e  r o v in g  s u p p l i e r  i n  which case  th o  r o v in g  i s  s u p p l ie d  
i n  th e  form o f  d r y ,  s l i g h t l y  ta c k y  t a p e .  T h is  i s  sometimes known 
a s  d ry  p r e - im pre gnu t  ed ro v in g ,  T here  im p re g n a t io n  i s  c a r r i e d  o u t 
by th e  u s e r ,  t h e r e  a r e  two p o s s i b l e  methods» The r o v in g  may e i t h e r  
be im p reg n a ted  on a r i g  s e p a r a t e  from the  v /inding  machine and s t o r e d  
u n t i l  r e q u i r e d  i n  a i r t i g h t  c o n t a i n e r s  o r  i t  may be im p reg n a ted  on 
th e  w ind ing  machine i t s e l f .  The f i r s t  o f  th e s e  a l t e r n a t i v e s ,  
sometimes c a l l e d  th e  "wet p r e “ im pregna ted"  t e c h n iq u e  i s  c la im ed  to
have a d v an ta g e s  ove r  th e  second  te c h n iq u e  i n  e f f i c i e n c y  o f
im p re g n a t io n  and c l e a n l i n e s s  and e ase  o f  h a n d l in g  during; w ind ing .
I t ,  however, r e c u i r a s  c a r e f u l  resx^ooling  a f t e r  im.pre g n a t  io n  i f ,  
d u r in g  th e  a c t u a l ,  w ind ing  p r o c e s s ,  th e  spoo l i s  to  unwind c l e a n ly  
w i th o u t  th e  r i b b o n  c u t t in g ;  i n t o  th e  re m a in d e r  o f  th e  sp o o l  pa.ckage. 
The o th e r  a l t e r n a t i v e ,  usueA ly  Imovrn a s  th e  "w et-w in d in g "  t e c h n i q u e , 
a p p l i e s  a  c o n t ro l le d ,  amount o f  r e s i n  to  th e  r o v in g s  a s  th ey  a r e  b e in g  
drawn from th e  ch eese  o n to  th e  m an d re l .
In  th e  a n a l y s i s  o f  com posite  m a t e r i a l s ,  th e  a s su m p tio n  i s  made 
t h a t  a  good bond e x i s t s  be tw een th e  g l a s s  and th e  r e s i n  so t h a t  th e y
s t r a i n  e q u a l l y  u n d e r  lo a d .  As s t a t e d  i n  C h ap te r  1 , f a i l u r e  o f  th e
com posite  w i l l  a l s o  depend on th e  a b i l i t y  o f  th e  m a t r ix  to  a c t  a s  a  
b in d e r  and l i m i t  th e  p e r t u r b a t i o n  o f  th e  l o c a l  s t r e s s  f i e l d  p roduced  
by random b re a k ag e  o f  the  f i b r e s  o c c u r r in g  w e l l  below th e  u l t i m a t e  
com posite  s t r e n g t h  and on the  f r e q u e n c y  o f  t h e s e  b r e a k s .  The r e s i n  
i s  ex p ec te d  to  t r a n s f e r  th e  lo a d  from one f i b r e  to  th e  n e x t  a t  
d i s c o n t i n u i t i e s ,  Where im p re g n a t io n  o f  th e  f i b r e s  has  n o t  been 
th o ro u g h ly  c a r r i e d  o u t ,  s h e a r  f a i l u r e  i n  th e  r e s i n  a t  th e  p o i n t  o f
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d i s c o n t i n u i t y  o f  th e  f i b r e  o r  f a i l u r e  of th e  i n t e r f a c e  bond betw een 
f i b r e  and m a t r ix  moy o c c u r .  Any im p re g n a t io n  p r o c e s s  must th u s  
e n su re  t h a t  a d e q u a te  r e s i n  has  been  a p p l i e d  to  th e  g l a s s  i n  a 
manner t h a t  e n s u r e s  a s  th o ro u g h  "w e t t in g "  o f  th e  i n d i v i d u a l  f i b r e s  
i n  th e  r o v in g  band a s  p o s s i b l e  c o n s i s t e n t  w i th  th e  re q u ire m e n t  f o r  
minimum deg r e d a t i o n  o f  s t r e n g t h  due to  h a n d l in g .  I f  th e  f i l a m e n t s  
a r e  drawn th ro u g h  th e  r e s i n  b a th  too  r a p i d l y ,  l i t t l e ,  i f  any , r e s i n  
w i l l  c l i n g  to  i t s  s u r f a c e  a n d . t h i s  red u c es  th e  r a t e  a t  which w ind ing  
may be p e rfo rm ed .  Use o f  a  low v i s c o s i t y  r e s i n  and means o f  g e n t l y  
f o r c i n g  th e  r e s i n  i n t o  th e  f i b r e  a l lo w s  th e  p r o c e s s  to  be speeded  up .
I n  th e  w e t-w in d in g  m ethod, e f f i c i e n t  im p r e g n a t io n  te c h n iq u e s  
t o g e t h e r  w i th  a. means o f  a p p ly in g  c o n t r o l l e d  t e n s i o n  to  th e  r o v in g  
s t r a n d  a r e  im p o r ta n t  i n  c o n t r o l  o f  th e  way th e  g l a s s  i s  l a i d  onto  
th e  m andre l.  The optimum c o n f i g u r a t i o n  o f  th e  s t r a n d  a t  th e  p o in t  
o f  w ind ing  i s  a  f l a t  band o f  p a r a l l e l  f i b r e s  and t h i s  sh o u ld  be 
gu id ed  o n to  th e  m andrel i n  such  a, manner t h a t  i t  rem ains  u n ifo rm  
r e g a r d l e s s  o f  w in d in g  p a t t e r n  geom etry . By p l a c i n g  th e  c o n t in u o u s  
s t r a n d s  n e x t  to  each  o t h e r  i n  such a. p a r a l l e l  a r ran g em en t  more g l a s s  
can be p la c e d  i n  a  g iv en  volume.
The t e n s i o n i n g  sh o u ld  be a s  u n i fo rm ly  d i s t r i b u t e d  as  p o s s i b l e  
o v e r  a l l  f i b r e s ,  and be c ap a b le  o f  b e in g  c o n t r o l l e d .  I t s  f u n c t i o n  
i s  to  e n su re  t h a t  th e  f i b r e s  a r e  p r e te n s io n e d  and p r o p e r ly  a l i g n e d  
on the  m an d re l .  In  wet-wound sy s te m s ,  t e n s i o n i n g  c o n t r o l s  a l s o  
th e  r e s i n  c o n te n t  w h i l e ,  where p re - im pregna .ted  system s a r e  employed, 
t e n s i o n  c o n t r o l  h e lp s  to  p roduce  den se , v o id  f r e e  com posites  by 
com pacting  th e  m a t e r i a l  on th e  m andre l.  I n  g e n e r a l  a  vret im p reg n a ted
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r o v in g  w i l l  n o t  s t a n d  a s  much hack  t e n s i o n  a s  a  d ry  p re - im p re g n a te d  
ro v in g  b ecau se  th e  wet r e s i n  v s i l l  n o t  t r a n s f e r  s h e a r  and each 
f i l a m e n t  i s  w i th o u t  a s s i s to n ce  from i t s  n e ig h b o u rs .
T e n s io n in g  may be a c h ie v e d  by m echan ica l b r a k in g  a t  th e  sp o o l 
o r  by p a s s in g  th e  f i b r e  band th ro u g h  a s e r i e s  o f  s t a t i o n a r y  ro d s  and 
b ra k e d  r o l l e r s ,  a d j u s t a b l e  so t h a t  v a r i a t i o n  i n  t e n s i o n  riiciy be 
c o n t r o l l e d .  The u se  o f  to o  many o r  too  simall ro d s  can  cause f i b r e s  
to  s u f f e r  m e ch an ica l  damage by f r a y i n g  and b e n d in g .  I t  i s  s im p le s t  
to  a p p ly  and c o n t r o l  th e  t e n s i o n  a t  th e  s p o o l .  T h is  i s  s a t i s f a c t o r y  
f o r  dry p re - im p r e g n a te d  r o v in g s  where th e  te n d en c y  o f  i n - l i n e  
t e n s i o n in g  d e v ic e s  such  a s  ro d s  to  s t r i p  and p i c k  up th e  r e s i n  cau se s  
t r o u b l e .  However when w e t-w in d in g  i t  i s  u s u a l l y  c o n s id e re d  
d e s i r a b l e  to  t e n s i o n  the  r o v in g  band a f t e r  im pregno/tion  a s  n e a r  to  
th e  m andrel a s  p o s s i b l e  a l th o u g h  t h i s  may be a  more d i f f i c u l t  
a r ran g em en t to  c o n t r o l .  T e n s io n in g  a t  th e  sp o o l  makes im p re g n a t io n  
d i f f i c u l t  and u se  o f  i n  l i n e  t e n s i o n  d e v ic e s  on th e  d ry  g l a s s  b e f o r e  
im p re g n a t io n  can cause  up to  5 0 /  l o s s  o f  s t r e n g t h  i n  th e  g l a s s  by 
i n t e r f i l a m e n t  f r a y i n g  and a b r a s i o n  a g a i n s t  th e  r o d s .
Thus i n  o r d e r  to  p r o s e c u te  a  s tu d y  i n t o  th e  s t r e n g t h  o f  g l a s s  
f i l a m e n t  wound p a r t s ,  i t  must be p o s s ib l e  to  s a t i s f y  th e s e  r e q u i re m e n ts  
w h ile  r e t a i n i n g  th e  a b i l i t y  to  v a r y  e a s i l y  th e  p a r t  d im ensions and 
v/inding p a t t e r n s  employed, and i t  was d e c id e d  t h a t  p a r t  o f  t h i s  
p r o j e c t  would be th e  d e s ig n  and conmiission o f  a w in d in g  m achine.
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î‘.Ia.chine De s i  en
B a s ic  Co n c e r t
The aim from th e  o u t s e t  was to  keep th e  d e s ig n  o f  th e  machine 
s im p le  and com pact. G en era l a r ran g em en t o f  th e  m achine may he seen  
i n  F ig u r e s  1 and 2, The o v e r a l l  d im ensions  o f  th e  machine i n c lu d in g  
th e  m ountings  f o r  th e  g l a s s  c h e e se s  a r e  84" lo n g  by oG" wide by 46" 
h ig h  w i th  maximum m andrel d im ens ions  o f  8 " d ia m e te r  by 45" lo n g .
The m andre l w i th  i t s  d r iv e  system  i s  l o c a t e d  a t  th e  to p  o f  th e  
m achine and a  moving c a r r i a g e  on which i s  mounted th e  f i n a l  l a y i n g -  
on g u id e ,  ru n s  on two r a i l s  a lo n g s id e  th e  m an d re l .  T h is  c a r r i a g e  i s  
t r a v e r s e d  by a  learlscrev/ d r iv e n  by a s e p a r a te  d r iv e  system  from t h a t  
o f  th e  m an d re l .  S e p a ra te  d r iv e s  to  th e  m andrel and l a y in g - o n  gu ide  
were i n c o r p o r a t e d  to  p e rm it  a  v/ide ran g e  and e a s i e r  changes o f  th e  
w in d in g  s,ngTe. C o n tro l  u n i t s  have been  p ro v id e d  f o r  b o th  th e  m otor 
sp ee d s  a,nd a u to m a t ic  c o n t r o l  o f  th e  c a r r i a g e  t r a v e r s e  i n c l u d i n g  tim ed  
d e la y  p e r io d s  a t  e i t h e r  end . The c h eeses  o f  g l a s s  r o v in g s ,  up to  
s i x  o f  which may be u s e d ,  a r e  mounted h o r i z o n t a l l y  i n  two v e r t i c a l  
banks o f  t h r e e  a t  e i t h e r  end o f  th e  machine on th e  same s id e  o f  th e  
m andre l a s  th e  moving c a r r i a g e .  Each i n d i v i d u a l  ch eese  s h a f t  has 
been  p ro v id e d  v / i th  a  b ra k in g  f a c i l i t y  f o r  t e n s i o n  c o n t r o l .  I n  th e  
c e n t r e  o f  th e  machine n e a r  f l o o r  l e v e l ,  two h o r i z o n t a l  PTFE r o l l e r s  
a r e  mounted a lo n g  w ith  combs to  gu ide  th e  ro v in g s  b e in g  drawn from 
th e  ch ee se s  to  th e  c a r r i a g e .
The k a n d ro l
I n  th e  d e s ig n  o f  a  m andrel f o r  f i l a m e n t  w in d in g ,  two im p o r ta n t  
p o i n t s  must be b o rne  in . mind. F i r s t l y  i t  must be s u f f i c i e n t l y
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r i g i d  to  b e a r  th e  co m p ress iv e  lo a d  accum ula ted  from th e  many l a y e r s  
o f  f i l a m e n t s ,  each  o f  vdiich i s  p r e - t e n s io n e d  d u r in g  w in d in g .  S econd ly , 
c o n s i d e r a t i o n  must be g iv e n  f o r  the  rem oval o f  th e  wound p a r t  from 
th e  m andre l when w ind ing  i s  com ple ted . I n  th e  p r e s e n t  s tu d y ,  where 
o n ly  open-ended  c y l i n d e r s  were f a b r i c a t e d ,  a c o l l a p s i b l e  m andrel was 
a d o p te d .  This  i s  shown i n  F ig u re  5a. and 5b and c o n s i s t s  o f  two 
c y l i n d r i c a l  h a l f  s h e l l s  mounted on d e ta c h a b le  end p l a t e s  l o c a t e d  on 
th e  m andrel s h a f t .  The cham fered edges o f  th e  two h a l f  c a s in g s  a r e  
s u p p o r te d  on ro d s  to  form a c y l i n d e r  w i th  two narrow  l o n g i t u d i n a l  
s l i t s  i n  th e  s u r f a c e .  The o u te r  s u r f a c e  o f  th e  c y l i n d e r  i s  smooth 
and p o l i s h e d .  A s i n g l e  l a y e r  o f  M elinex  f i lm  i s  wrapped around  to  
form an unbroken  s u r f a c e .  (F ig u re  4)
Tq remove th e  w in d in g , th e  s u p p o r t  ro d s  a r e  w ithdraw n so t h a t  
th e  two h a l f  c y l i n d e r s  can be b ro u g h t  c l o s e r  t o g e t h e r  to  a l lo w  th e  
w in d in g  to  be s l i d  o f f  th e  m andrel l e a v in g  th e  M elinex  l a y e r  on the  
i n s i d e  o f  th e  f i l a m e n t  wound tu b e .  I t  has  been  fotmd t h a t  th e  
M elin ex  f i l m  i s  v e ry  e a s i l y  r e l e a s e d  from th e  tu b e  m a t r ix  and l i n i n g  
m a t e r i a l s  u sed  i n  t h i s  s tu d y ,  im p a r t in g  i t s  ovm h ig h  d e g re e  o f  
s u r f a c e  f i n i s h  to  th e  i n n e r  w a l l  o f  th e  tu b e s  a s  may be seen  from 
th e  r e f l e c t i o n  o f  th e  d i a l  t e s t  in s t ru m e n t  v i s i b l e  i n  F ig u re  16.
The Moving C a r r i a g e .
T h is  ru n s  on two g u id e  r a i l s  and i s  d r iv e n  th ro u g h  two l e adm its  
by  th e  le a d s c re w .  F ig u r e s  5 ond 6 show a g e n e r a l  v iew  o f  th e  
c a r r i a g e  a r ra n g e m e n t .  The l i m i t  o f  th e  c a r r i a g e  t r a v e r s e  may be 
c o n t r o l l e d  by two m ic ro - s w i tc h e s  s e t  on a s c a l e  a lo n g s id e  th e  o u te r  
r a i l s .  These a r e  a c t u a t e d  by th e  c a r r i a g e  and i n i t i a t e  th e  d e la y
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sequence  a t  e i t h e r  end o f  th e  t r a v e r s e  b e f o r e  engagem ent o f  th e  d r iv e  
i n  th e  o p p o s i t e  d i r e c t i o n .  The c a r r i a g e  and m ic ro sv r i tc h e s  a r e  
f i t t e d  w i th  p o i n t e r s  by  which d i s t a n c e  o f  c a r r i a g e  t r a v e l  and p o s i t i o n  
may be o b se rv e d .
As w i th  th e  r e s t  o f  th e  m achine , s i m p l i c i t y  i s  th e  b a s i s  o f  
d e s ig n  o f  th e  c a r r i a g e  framework which c o n s i s t s  o n ly  o f  a  b a se  p l a t e ,  
on w hich th e  r o l l e r  and le a d  n u t  s u sp e n s io n s  a r e  mounted and two u p r i g h t s ,  
o n to  w h ic h , a t  th e  s id e  o f  th e  c a r r i a g e  rem ote from th e  m an d re l ,  a 
PTFE r o l l e r  a ssem b ly  i s  m ounted . T h is  a ssem bly  w hich i n c o r p o r a t e s  
s i x  d ro p p e r  s w i tc h e s  a.s u sed  i n  th e  t e x t i l e  i n d u s t r y ,  i s  f r e e  to  p iv o t  
l o n g i t u d i n a l l y  a b o u t  i t s  mid p o i n t  and s e r v e s  to  g u id e  th e  r o v in g s  as  
th e y  r i s e  from th e  two lo w er g u id e  r o l l e r s  a t  th e  b a se  o f  th e  machine 
i n t o  th e  im p re g n a t io n  b a th .  The d ro p p e r  s w i tc h e s  a re  used  t o  d e t e c t  
any b re a k  i n  th e  su p p ly  o f  ro v in g  from any o f  th e  s i x  a v a i l a b l e  
c h e e s e s ,  when th e y  com ple te  a  w arn in g  c i r c u i t  i n  th e  c o n t r o l  c o n so le .
In  th e  wet w in d in g  sys tem  ad o p ted  f o r  u s e  i n  t h i s  m ach ine, th e  
r e s i n  im p re g n a t io n  b a th  and f i n a l  l a y in g - o n  g u id e  com prise  a s i n g l e  
u n i t  on th e  moving c a r r i a g e ,  mounted betw een th e  u p r i g h t s  so  t h a t  th e  
mean p a th  betw een th e  PTFE r o l l e r  a ssem bly  and th e  m andre l i s  
h o r i z o n t a l .  (F igu.re 6 )
Above th e  b a th  i s  p o s i t i o n e d  a r e s i n  s u p p ly  ta n k  which d r i p  fe e d s  
th e  r e s i n  th ro u g h  a s p r e a d e r  b a r  to  th e  r e s i n  t ro u g h .  B eneath  t h i s  
ta n k  p r o v i s i o n  i s  made f o r  a  r e e l  o f  f i n e  r e s i s t a n c e  w ire  on a f r e e  
r u n n in g  s h a f t  to  be p o s i t i o n e d  betw een th o  u p r i g h t s  to  p e rm i t  th e  
i n c o r p o r a t i o n  o f  th e  w ire  i n t o  th e  g l a s s  ro v in g  b e in g  a p p l i e d  to  th e  
m a n d re l .  The p u rp o se  o f  t h i s  w ire  i s  d e s c r ib e d  i n  s u b se q u e n t  
c h a p t e r s .
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The Roving P a th
F ig u r e s  1, 2 , 5 and. 6 , show th e  d e t a i l  o f  th e  ro v in g  p a th .
I d e a l l y  th e  r o v in g  sh o u ld  have a s h o r t  s t r a i g h t  ru n  from th e  
ch eese  to  th e  m andre l to  m in im ise  th e  p o s s i b i l i t y  o f  s t r e n g t h  
d e g r e d a t io n .  To a c h ie v e  t h i s  f o r  a c a r r i a g e  t r a v e r s e  a lo n g  a fo u r  
f o o t  m andre l would r e q u i r e  e i t h e r  t h a t  th e  m andre l t r a v e r s e  p a s t  a 
f i x e d  b a th  and g u id e  o r ,  where a  moving c a r r i a g e  i s  employed, t h a t  
th e  c h e e se s  be mounted e i t h e r  on th e  c a r r i a g e  i n  l i n e  w i th  th e  b a th  
o r  i f  th e  a s s o c i a t e d  l e n g th  o f  g l a s s  ru n  co u ld  be t o l e r a t e d ,  a t  as
g r e a t  a  d i s t a n c e  a s  p o s s i b l e  rem ote  from th e  w in d in g  machine to
m in im ise  th e  a n g le  th ro u g h  which th e  r o v in g  band i s  sw ep t.  None of 
th o s e  a l t e r n a t i v e s  was f e a s i b l e  i n  t h i s  c a se  and th e  p r e s e n t  p a th  
was a d o p ted .
The i n d i v i d u a l  c l ieeses  o f  g l a s s  a re  mounted on f r e e l y  r o t a t i n g  
s h a f t s  on which i s  i n c o r p o r a t e d  a  b r a k in g  f a c i l i t y  f o r  t e n s i o n in g  o f  
th e  r o v in g  a t  th e  s p o o l .  This  f a c i l i t y  i s  d e s c r ib e d  i n  Appendix 1.
On l e a v i n g  th e  c h e e s e s ,  each  s t r a n d  o f  ro v in g  t r a v e l s  d ia g o n a l ly  
dov/nv/ards b e f o r e  p a s s in g  th ro u g h  a h ig h ly  p o l i s h e d  g u id e  comb. The 
ro v in g s  im m e d ia te ly  t h e r e a f t e r  p a s s  a r o u n d . th e  l a r g e  d ia m e te r  PTFE 
r o l l e r s  mounted a t  th e  b a s e . o f  th e  machine and t r a v e l  upwards tow ards 
th e  g u id e  r o l l e r  and d ro p p e r  s w i tc h e s  on th e  moving c a r r i a g e .  As 
d e s c r ib e d  e a r l i e r ,  t h i s  u p p e r  r o l l e r  a ssem bly  p i v o t s  so t h a t  i t s  
l o n g i t u d i n a l  a x i s  i s  p e r p e n d ic u l a r  to  th e  l i n e  o f  th e  r o v in g  p a th  from 
th e  low er r o l l e r s  to  th e  c a r r i a g e  a t  any i n s t a n t  i n  i t s  t r a v e r s e .
The t h r e e  r o l l e r s  u sed  were a l l  made i n  PTFE t o  ta k e  ad v an tag e  o f  i t s  
n o n - s t i c k  and low f r i c t i o n a l  c o e f f i c i e n t  p r o p e r t i e s  and were made
la r g e  i n  d ia m e te r  to  m in im ise  b end ing  o f  th e  f i l a m e n t s  in  t h e i r  p a th
66
a ro u n d  th e  r o l l e r .  The p o s i t i o n s  o f  th e  r o l l e r s  were s e l e c t e d  
such  t h a t  th e  maximum le n g th  o f  ru n  f o r  each  h a l f  o f  th e  p a th  was 
o b ta in e d  so t h a t  th e  a r c s  swept th ro u g h  by th e  r o v in g  band*as  i t  
unwound from th e  ch eese  o r  p a s s e d  up to  th e  moving c a r r i a g e  were 
m in im ise d ,  ■ P assag e  o f  th e  ro v in g s  o v e r  th e s e  r o l l e r s  h e lp s  to  
s p r e a d  th e  band i n t o  th e  d e s i r e d  c o n f i g u r a t i o n  b e f o r e  e n t r y  i n t o  
th e  im p re g n a t io n  b a th .
The b a th  (F ig u re  6 and 7) c o n s i s t s  o f  f i x e d  and moveable h ig h ly  
p o l i s h e d  ro d s  o v e r  and u n d e r  vihich th e  r o v in g  a l t e r n a t e l y  p a s s e s  
b e f o r e  f i n a l l y  p a s s i n g  ove r  th e  l a y in g - o n  g u id e .  The mumber o f  ro d s  
i s  a r b i t r a r y  b u t  i s  ju d g ed  on th e  b a s i s  o f  th e  p r o c e s s  o f  im p re g n a t io n  
w i t h i n  th e  space  a v a i l a b l . e .  I n  t h i s  r e s p e c t ,  t h e i r  v e r t i c a l  r e l a t i v e  
p o s i t i o n s  a r e  made a d j u s t a b l e .  The f i r s t  bay  be tw een  two f ix e d  ro d s  
a d j a c e n t  to  th e  r o l l e r  i s  shaped  in  th e  form o f  a  t ro u g h  f o r  th e  r e s i n  
and i s  l i n e d  w i th  p l a s t i c  foam sponge. The r e m a in in g  two moving ro d s  
and two f i x e d  ro d s  a r e  sp aced  so t h a t  w i th in  th e  ra n g e  o f  v e r t i c l e  
a d ju s tm e n t  a v a i l a b l e  i n  t h e i r  r e l a t i v e  p o s i t i o n s ,  undue b en d in g  o f  th e
f i l a m e n t s  does  n o t  ta k e  p l a c e .  These ro d s  by s t r o k i n g  a l t e r n a t e  s id e s
o f  th e  r o v in g  band com ple te  th e  p r o c e s s  o f  s p r e a d in g  and im p re g n a t io n  
o f  th e  band w h i le  a l s o  rem oving  some o f  th e  e x c e s s  r e s i n  c l i n g i n g  to  
th e  s u r f a c e  o f  th e  f i b r e s .
I t  was found  t h a t  th e  speed  o f  w in d in g  was c a u s in g  e x c e s s iv e
r e s i n  t o  be c a r r i e d  fo rw a rd  o u t  o f  th e  t ro u g h  by th e  band , and t h a t  
t h i s  was beyond th e  c a p a b i l i t y  o f  the  f o u r  ro d s  to  rem ove. Three 
a d d i t i o n a l  p e r s p e x  s c r a p e r s  w hich a re  a l s o  a d j u s t a b l e  f o r  v e r t i c a l  
p o s i t i o n  r e l a t i v e  to  th e  f i x e d  ro d s  were i n c o r p o r a t e d ,  ra k e d  in  f r o n t
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o f  th e  f i x e d  ro d s  t o  a i d  i n  th e  rem oval o f  t h i s  e x c e s s  r e s i n  and 
f u r t h e r  ensure th e  f o r c i n g  o f  r e s i n  i n t o  th e  f i b r e  band .
The r o v in g s  l e a v i n g  th e  b a th  p ass  o v e r  th e  f i n a l  lo y in g -o n  
gu id e  which i s  m achined s e m i c i r c u l a r  to  th e  d ia m e re r  o f  th e  ro d s  
and to  a  concave c i r c u l a r  shape  i n  e l e v a t i o n  ( F ig u re  7 ) .  This 
shape  was d e s ig n e d  so t l i a t  th e  band o f ro v in g s  l e a v i n g  th e  
im p re g n a t io n  b a th  would be so m a in ta in e d  by th e  g u id e  w h ile  b e in g  
l a i d  on to  th e  m andre l r e g a r d l e s s  o f  th e  a n g le  o f  w in d in g  t h a t  was 
being ' employed. T h is  has been  s u c c e s s f u l  i n  u s e , th e  r o v in g  band 
s l i d i n g  a round  th e  curve  w i th o u t  a p p a r e n t  bunch ing  o f  th e  f i b r e s  
u n t i l  i t s  new e q u i l i b r i u m  p o s i t i o n  on th e  curve  was r e a c h e d .  A 
drawback to  t h i s  sy s tem  i s  th e  o f f s e t  o f  the- r o v in g  band o f f  th e  
c e n t r e - l i n e  o f  th e  b a th  when w in d in g  a t  low h e l i x  a n g l e s .. This 
s h i f t  o f  p o s i t i o n  on th e  g u id e  a t  e i t h e r  end o f  th e  t r a v e r s e  may 
a f f e c t  s l i g h t l y  th e  p a t t e r n  o f  wind and th e  a c c u ra c y  o f  c a l c u l a t i o n  
o f  th e  tim e d e la y  r e q u i r e d  a t  th e  v e s s e l  ends.
T en s io n  l e v e l  o f  th e  r o v in g  band d u r in g  w e t-w in d in g  i s  m ain ly  
a p p l i e d  by a d ju s tm e n t  o f  th e  r e l a t i v e  p o s i t i o n s  o f  th e  ro d s  and 
s c r a p e r s ,  th e  ch eese  b ra k in g  f a c i l i t y  b e in g  o n ly  s e t  a t  a  low l e v e l  
t o  p ro v id e  an i n i t i a l  c o n s ta n t  b a c k - t e n s io n  and to  p r e v e n t  o v e rru n  
o f  th e  o th e rw is e  f r e e l y  r o t a t i n g  c h es s e s  d u r in g  unw ind ing .
M andrel and Leadscrew  D rive Systems
The l a y o u t  o f  th e  d r iv e s  to  m andrel and leadscre 'w  i s  shown i n  
F ig u re  8 . B oth  system s a r e  d r iv e n  b^y" e l e c t r i c  m otors  whose o u tp u t  
sp eed s  a r e  i n f i n i t e l y  v a r i a b l e  from z e ro  to  100/  f u l l  speed  th ro u g h
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a  c lo s e d  lo o p  sp eed  c o n t r o l  system  u t i l i s i n g  a  to ,c h o g en e ra to r  
o u tp u t  d i r e c t  from  th e  a rm a tu re  s h a f t .  Tne a c c u r a c y  o f 
c o n t r o l  v ; i l l  he d i s c u s s e d  i n  th e  machine c o n t r o l  s e c t i o n .
The m andre l d r iv e  i s  t r a .n s m i t te d  to  th e  mandi’e l  s h a f t  by 
an  e l e c t r o m a g n e t i c  c lu t c h  u n i t  d r i v i n g  th ro u g h  f l e x i b l e  c o u p lin g s .  
The moving c a r r i a g e  i s  t r a v e r s e d  by an Acme t h r e a d  le ad sc re w  
th ro u g h  two l e a d n u t s  mounted below th e  c a r r i a g e  and  a d j u s t e d  
a g a i n s t  e ach  o t h e r  to  e l im i n a t e  p la y  on th e  sc rew , v/hich m ight 
re d u c e  th e  a c c u r a c y  o f  w in d in g  a t  e i t h e r  end o f  th e  t r a v e r s e .
The le a d sc re w  i s  d r iv e n  tlirough  f l e x i b l e  c o u p l in g s  by a  m i t r e  
g e a r  u n i t  w i th  t'wo c o n t r a - r o t a t i n g  d r iv e n  g e a r s .  Each d r iv e n  
g e a r  i n c o r p o r a t e s  th e  s p r o c k e t  o f  an  e l e c t r o m a g n e t i c  c l u t c h ,  
th e  h o u s in g s  o f  whi ch a r e  keyed  to  th e  le a d sc re w  s h a f t i n g .  
A l t e r n a t e  engagement o f  each  o f  t h e s e  c lu tc h e s  p r o v id e s  th e  means 
o f  t r a v e r s i n g  th e  c a r r i a g e  i n  e i t h e r  d i r e c t i o n  p a s t  th e  m an d re l .  
At th e  end o f  b o th  le a d s c re w  and m andre l s h a f t s  rem ote  from 
th e  d r iv e  sy s te m s ,  e l e c t r o - m a g n e t i c  b rak e  u n i t s  a r e  f i t t e d  a lo n g  
w i th  s t r o b o s c o p ic  d i s c s  so t h a t  th e  m otor sp eed  c o n t r o l l e r s  may 
be checked f o r  a c c u ra c y  u s in _  a  p h o t o e l e c t r i c  ta c h o m e te r  u n i t .  
D e te rm in a t io n  o f  ' f in d in g  An7l e
L e t n ^ ,  n ^ ^ ,  p ,  and r  be r e s p e c t i v e l y  th e  m andre l rpm, th e  
le ad sc re w  rpm , le a d sc re w  p i t c h  ( in c h e s )  and th e  m.andrel r a d iu s  
( i n c h e s ) . I f  t  i s  tim e i n  m in u tes  th e  c i r c u m f e r e n t i a l  d i s t a n c e
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t r a v e l l e d  on th e  m andrel = 2a r n  "ï in c h e s  and th e  h o r i z o n t a ln
movement o f  th e  c a r r i a g e  == nn, T in c h es ^ I s
Zrrf
C o n s id e r a t io n  o f  th e  ro v in ^  p a th  on the  m andre l s u r f a c e  g iv e s ,
ta n  (5 o l),  2n r  . , ,whero — i s  a c o n s ta n t
I s
a^ .j the  o r i e n t a t i o n  o f  th e  f i l a m e n t s  th u s  depends on th e  m andrel
and l e a d s c r e \7 s h a f t  speed  r a t i o .
I n  t h i s  machine m andrel and le a d s c i ’ev; s h a f t  f u l l  speeds
a r e  20 rpm and 270 rpm r e s p e c t i v e l y ,  l e a d s c r e v  p i t c h  i s  in c h
6
and th e  m andrel r a d iu s  has been  2 i n c h e s ,  t h e r e f o r e  th e  a n g le s  
t h a t  can  be wound assum ing  th e  minimum p o s s i b l e  sp eed  s e t t i n g  
o f  each  system  to  - be Ifl o f  f u l l  sp eed , ( t h i s  i s  a  c o n s e rv a t iv e
T h is  ra n g e  o f
a n g le s  makes f e a s i b l e  th e  a d a p t i o n  o f  th e  m achine to  a l l  t h r e e  
ty p e s  o f  w in d in g  c o n f i g u r a t i o n  i f  r e q u i r e d .
e s t i m a t e ) , may be c a l c u l a t e d  to  be >  0° .
7 0
lia ch i  ne C on-br o 1
Ono o f  th e  aims i n  tire d e s ig n  o f  t h i s  m achine was t h a t  i t  
s h o u ld  he p o s s i b l e  f o r  a  s i n g l e  p e r s o n  to  o p e ra te  i t .  T h i s ,  and 
th e  d e s i r a b i l i t y  o f  c o m p le t in g  w i t h o u t ' i n t e r r u p t i o n  th e  w ind ing  o f  
a  tube  once th e  o p e r a t i o n  has  been  commenced r e q u i r e d  t h a t  th e  
machine be c a p a b le  o f  a u to m a t ic  o p e r a t i o n  so t h a t  th e  a t t e n t i o n  o f  
th e  o p e r a t o r  m igh t be s o l e l y  a p p l i e d  i n  m o n ito ih n g  th e  p ro c e s s  w i th  
e s p e c i a l  r e g a r d  to  th e  im p re g n a t io n  o f  th e  r e s i n  i n t o  th e  rov ing*
T h is  r e q u i r e s  t h a t  a) th e  a n g le  o f  w in d in g  be a c c u r a t e l y  m a in ta in e d ,  
b) th e  t r a v e r s e  to  and f r o  o f  th e  I s y in g - o n  gu ide  be a u t o m a t i c a l l y  
programmed.
A c o n so le  was d e s ig n e d  to  house  i n  a  compact manner a l l  the  
u n i t s  r e q u i r e d  f o r  th e  c o n t r o l  o f  th e  p ro c e s s  and s u p p ly  o f  power 
t o  th e  v /inding  m achine com ponents, Itounted on th e  f r o n t  p a n e l  o f  
t h i s  c o n so le  a r e  a l l  th e  c o n t r o l  s w i tc h e s  and in f o r m a t io n  d i s p l a y s  
n e c e s s a r y  f o r  th e  o p e r a t o r  to  be a b l e  to  see  a t  a  g la n c e  th e  s t a t u s  
o f  th e  v /inding m achine, (F ig u re  9)
a j  C o n tro l  o f  th e  Angle o f  'f ind ing ;.  As s t a t e d  e a r l i e r ,  d r iv e  
s h a f t  sp eed  o f  each  m otor i s  c o n t r o l l e d  by a  c lo s e d  lo o p  se rv o  sys tem . 
The a c c u ra c y  o f  t h e s e  system s was c la im ed  a s  b e t t e r  t h a n  f o r  a  
50/; change i n  lo a d  and a lOf- change i n  v o l t a g e  a t  any  s e t t i n g  be tvæ en  
0^ '; and 100^1 f u l l  sp ee d .  Thus th e  v a lu e  o f  th e  ta n g e n t  o f  th e  w in d in g  
ang le-shov /n  e a r l i e r  to  be d ependen t on th e  r a t i o  o f  m andre l rpm 
t o  le ad sc re w  rpm may be c o n t r o l l e d  to  an  a c c u ra c y  o f  a p p ro x im a te ly
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4/0 by th e s e  sy s te m s .  The o u tp u t  she,f t speed  o f  each  m otor i s  
d i r e c t l y  i n d i c a t e d  as  a p e rc e n ta g e  o f  f u l l  speed  on a l a r g e  
c i r s c a l e  m e te r  which may be re a d  to  an a c c u ra c y  o f  i 0 . 25 o^. Thus 
th e  speed  r a t i o  may be s e t  to  an a c c u ra c y  o f  4h/o u n d e r  th e  w o rs t  
c o n d i t i o n s .  A s tu d y  o f  th e  su p p ly  v o l t a g e  i n d i c a t e d  no l a r g e  
v o l t a g e  v a r i a t i o n s  and a s  th e  m andrel system  lo a d in g  i s  c o n s ta n t  
and th e  le a d s c re w  system  lo a d in g s  d i f f e r s  o n ly  in  w h a tev e r  
d i f f e r e n c e  t h e r e  i s  i n  th e  d r i v i n g  c h a r a c t e r i s t i c s  o f  two s i m i l a r  
c l u t c h  u n i t s  and l e a d n u t s ,  th e  a c c u ra c y  o f  speed  r a t i o  may be 
m a in ta in e d  to  b e t t e r  th a n  4'ehn I t  may be e s t im a te d  t h a t  a y/o 
v a r i e d  io n  i n  th e  speed  r a t i o  im p l ie s  a  maximum v a r i a t i o n  i n  o f
a t  a  -- 4 5 ^ .  
o
_b)_Aut_oma^tJ^c_Con_tr_ol__o^ jUie C^8^ ri^ay;e_Thayers_e. Because o f  th e
re q u i r e m e n t  f o r  a  d e la y  p e r io d  a t  each  end o f  th e  t r a v e r s e  g e n e r a te d  
by th e  problem  o f  m a in ta in in g  th e  d e s i r e d  w ind ing  p a t t e r n  to  e n su re  
even co v e rag e  o f  th e  m andre l s u r f a c e ,  i t  i s  n e c e s s a r y  f o r  th e  
c a r r i a g e  to  be h e ld  s t a t i o n a r y  a t  e i t h e r  end o f  i t s  t r a v e r s e  f o r  a 
g iv e n  tim e by th e  le a d s c re w  b ra k e  u n i t s .  The l e n g th  o f  d e la y  time 
r e q u i r e d  may be d e te rm in e d  b e fo re h an d  and th e  c a r r i a g e  t r a v e r s e  
c o n t r o l l e d  by manual s e t t i n g  o r  a u t o m a t i c a l l y  by a tim e c o n t r o l  u n i t .
To a c h ie v e  th e  d e s ig n  aim o f  one-man o p e r a t i o n  th e  p r o v i s io n  o f  
a u to m a t ic  t r a v e r s i n g  c o n t r o l  i n c o r p o r a t i n g  tim ed d e la y  p e r io d s  was 
u n d e r ta k e n  f o r  t h i s  v /ind ing  m achine. The d e s ig n  re q u i re m e n ts  f o r  
such  a c o n t r o l  u n i t  w e r e ; -
1 . t h a t  th e  c a r r i a g e  v/ould be t r a v e r s e d  to  and f r o  i n  th e  fo l lo w in g
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.co n tin u o u s  c y c le  r e q u i r i n g  s e q u e n t i a l  o p e r a t io n  o f  th e  le ad sc rew  
c l u t c h  and b ra k e  u n i t s
At end o f  dela.y , Brake Off 
C a r r ia g e  t r a v e r s e s  from end A 
to  end B o f  t r a v e r s e
/
At end A o f  t r a v e r s e ,  At end B o f  t r a v e r s e ,
Brake On, S t a r t  t im ed  D elay  A Brake On, S t a r t  t im ed  Delay B
ft
'At end o f d e la y ,  Brake O ff,
C a r r ia g e  makes r e t u r n  t r a v e r s e  
from B to  A
2 . t h a t  t h i s  c o n t in u o u s  c y c le  be cap a b le  o f  i n t e r r u p t i o n  and 
r e s t a r t  a t  any c a r r i a g e  p o s i t i o n  i n  th e  t r a v e r s e  w i th o u t  l o s s  o f  
w in d in g  p a t t e r n .
I n  a d d i t i o n ;  5. The t im ed  d e la y  p e r io d s  a t  e i t h e r  end o f 
th e  c a r r i a g e  t r a v e l  were to  be in d e p en d e n t  o f  each  o t h e r  i n  s e t t i n g  
and c a p a b le  o f  a l t e r a t i o n  d u r in g  a c t u a l  o p e r a t i o n  o f  th e  m achine.
4 . The d e lay  t im e r s  were to  r e s e t  a u t o m a t i c a l ly  b u t  were n o t  to  
r e s e t  on f a i l u r e  o f  th e  power su p p ly ,
5. A c o u n te r  was to  be in c o r p o r a t e d  i n t o  th e  c o n t r o l  system .
The i n s t a l l a t i o n  o f  an  a u to m a t ic  count o f  th e  number o f  t r a v e r s e s  
o f  th e  c a r r i a g e  w i l l  be ad v an tag eo u s  i n  th e  c o n t r o l  o f  th e  m achine, 
e s p e c i a l l y  i n  h e l i c a l  w ind ing  v/here i t  may be d e s i r a b l e  to  kno'w th e  
number o f  t r a v e r s e s  r e q u i r e d  f o r  th e  c o m p le tio n  o f  a whole h e l i c a l  
l a y e r .
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I t  was found p o s s i b l e ' t o  a c h ie v e  t h i s  by u t i l i z i n g  two s in g le  
c y c le  e l e c t r o - m e c h a n ic a l  t im e rs  w ith  a d ia .l  s e t t i n g  f a c i l i t y  which 
a l s o  s a t i s f i e d  th e  re q u i re m e n ts  f o r  easy  t im in g  p e r io d  changes , 
s e t t i n g  a c c u ra c y  ( -  >r s e c ) ,  and f a s t  r e s e t t i n g  w ith  a r e p e a t  
a c c u ra c y  o f  0.25/^< These t im e rs  u sed  in  i s o l a t i o n  had a p o s s i b l e  
s w i tc h in g  a rran g em en t o f  up to  s i x  lo ad  c i r c u i t s . Tiie s w i tc h in g  
a r ra n g em en ts  were a d ju s t e d  and th e  lo ad  c i r c u i t s  i n t e r - c o n n e c t e d  
i n  a n o v e l  way p ro p o sed  by th e  a u th o r  whereby t h e r e  were fo u r  
in d e p e n d e n t  lo a d  c i r c u i t s  a v a i l a b l e  and in  a d d i t i o n  one dependen t 
lo a d  c i r c u i t  o p e r a t in g  o f f  th e  t im e r  su p p ly  l i n e  ( 24OV 50 c / s )
Use was made o f  t h i s  one dep en d en t c i r c u i t  i n  each  u n i t  to  r e s e t  
th e  o th e r  t im e r  w h i le  t h r e e  o f  th e  fo u r  in d e p e n d e n t  c i r c u i t s  a v a i l a b l e  
i n  each  t im e r  were u sed  in  p a i r s ,  c o m p ris in g  one c i r c u i t  from each 
t im e r ,  to  o p e r a te  th e  24V.U.C. e le c t r o m a g n e t ic  c l u t c h  and b rak e  i m i t s  
o f  th e  le a d s c re w  d r i v e  system  in  th e  d e s i r e d  seq u en ce .
Hie tim ed  d e la y  p e r io d s  a r e  s t a r t e d  a t  each  end o f  th e  c a r r i a g e  
t r a v e r s e  by th e  c a r r i a g e  open ing  a n o rm a lly  c lo s e d  l i m i t  s w i tc h .
By a r r a n g in g  th e  one t im e r  to  be r e s e t  by th e  second u n i t  when t h a t  
u n i t  t im ed  o u t  a t  th e  end o f  i t s  t im in g  seq u en ce ,  th e  d e s i r e d  con­
t in u o u s  c y c l i n g  a rran g em en t r e q u i r e d  was a c h ie v e d .  The t im e r  s t a t u s  
r e q u i r e d  a t  th e  v a r io u s  s t a g e s  o f  th e  t r a v e r s e  c y c le  and the  r e s u l t a n t  
d r i v e  u n i t  e n e r g i s e d  i s  i n d i c a t e d  in  th e  t a b l e .
C a r r ia g e
P o s i t i o n
T ra v e rs e  
A -  B
Delay a t  
end B
R e tu rn  t r a v e r s e  
B -  A
D elay  a t  
end A
Uirprogrammed 
h o ld  i n  w in d in g
Timer A Timed Out Timed Out R ese t . Timing S ta tu s
mai n t a i n e d
Timer B R ese t Timing Timed Out Timed Out S ta tu s
m a in ta in e d
C lu tc h  A-B ON “ -
C lu tc h  E-A “ - ON —
Brake - ON — ON ON
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I n  u s e ,  t h i s  a.rrangernent has  perform ed  s a t i s f a c t o r i l y ,  th e  
o n ly  problem  o c c u r r in g  b e in g  caused  by tlie f r a c t i o n a l l y  s lo w er 
decay  o f  th e  c l u t c h  f i e l d s  compared w i th  th e  b u i ld - u p  o f  th e  b rake
f i e l d  on s w i tc h in g s  T h is  has  been  overcome by th e  a d d i t i o n  o f  a
r e l a y  i n  each  c i r c u i t  to  th e  e le c t r o m a g n e t i c  u n i t s .
.The com ple te  c i r c u i t  d iagram  f o r  th e  w ind ing  m achine i s
shown i n  F ig u r e  10.
The c o u n te r ,  an e l e c t r o m a g n e t i c  24 V.DG u n i t  chosen  to  be 
c o m p a t ib le  w i th  th e  d r i v e  u n i t s ,  may be co n n ec ted  i n t o  e i t h e r  o f  
th e  c l u t c h  c i r c u i t s ,  so t h a t  i t  o p e r a te s  once e v e ry  two t r a v e r s e s ,  
o r  th e  b rak e  c i r c u i t ,  i f  r e q u i r e d  to  coun t each  i n d i v i d u a l  p assag e  
o f  th e  c a r r i a g e  a lo n g  th e  m andrel l e n g th .
The a b i l i t y  t o  o v e r r id e  b o th  m andrel and le a d s c re w  s h a f t  
d r i v e s  and a p p ly  th e  b ra k e s  s i m i l t a n e o u s ly  has  been  p ro v id e d .
T h is  i s  o f  u se  v/here a l t e r a t i o n  to  th e  w in d in g  p a t t e r n  i s  b e in g  made 
o r  where i te m s  such  a s  s t r a i n  m easu ring  d e v ic e s  a r e  b e in g  i n c o r ­
p o r a t e d  a s  v /e ll  a s  i n  an emergency h a l t  t o  th e  w in d in g  p ro c e s s  and 
e n s u r e s  t h a t  th e  o r i e n t a t i o n  o f  th e  f i l a m e n t s  i s  n o t  a l t e r e d  b e fo re  
th e  w in d in g  p r o c e s s  can be r e s t a r t e d  
M andrel C uring  Oven
As th e  m a t r ix  u sed  i n  t h i s  work i s  a h o t  s e t t i n g  epoxy r e s i n  
system  c u r in g  a t  a te m p e ra tu re  o f  n o t  g r e a t e r  th a n  120^0 c u r in g  
o f  th e  v/ound v e s s e l s  on th e  machine w i th  th e  m andre l r o t a t i n g  has  
many a d v a n ta g e s .  For exam ple, when th e  v e s s e l  i s  k e p t  i n  r o t a t i o n ,  
n o t  o n ly  i s  th e  e f f e c t i v e  c u r in g  te m p e ra tu re  more u n ifo rm  b u t  t h e r e  
i s  a l s o  a  chance f o r  th e  r e s i n  to  m ig r a te  th ro u g h o u t  the  s t r u c t u r e
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t o  a r e a s  o f  low er r e s i n  c o n te n t  and to  spr^^ac] c u t  e v en ly  over 
th e  o u t e r  s u r f a c e  o f  th e  vos e e l , - s w i th  tVio incrcr^ s in g  
te m p e r a tu r e ,  i t  i n i t i a l l y '  heoomos v iscou - / .
Accordingly an oven was d e s ig n e d  v lrich  co u ld  ho mounted 
a round th e  r o t a t i n g  m andrel on rer.rnv 'l o f  tlie c a r r i f p o .
D e t a i l s  o f  th e  d e s ig n  a re  in d ic a te d  In  ? jp u r e  11.
The oven i s  b a s i c a l l y  a syndanyo box encasing: a c y l i n d r i c a l  
r a d i a t i o n  r e f l e c t o r  made o f  aluminium s h e e t .  T h is  r e f l e c t o r ,  
which i s  o f  d o u b le -w a l l  c o o s t ru c t io ^ i  vn.th fibrogl rv s  wool 
i n s u l a t i o n  betw een th e  wahils, i s  in  two p a r t s .  The l.ower p o r t i o n  
i s  i n s e r t e d  u n d e r  tl ie  r o t a t i n g  m andre l to  fii.x o n to  th e  w ind ing  
machine fraiiie. The u p p e r  p o r t i o n  can be low ered  on to  t h i s  
p o r t i o n  to  form a c lo s e d  box around the  m an d re l .  C lose to  th e  
s u r f a c e  o f  the  u p p e r  r e f l e c t o r ,  e l e c t r i c a l  h e a t i n g  w ire s  a re  
suspended  so t h a t  th e y  to u ch  n e i t h e r  r e f l e c t o r  n o r  th e  v e s s e l .
The power i n p u t  i s  c o n t r o l l e d  by ine/'us o f  a v a r i a b l e  t r a n s f o r m e r  
and th e  in te r m a l  te m p e ra tu re  o f  th e  oven i s  m easured  by 
therm om eters  p la c e d  a t  two d i f f e r e n t  l o c a t i o n s .
P r e - Im p regna t i o n  R ig
A lthough  w et-v /ind ing  o n ly  has  been u n d e r ta k e n  in  t h i s  s tu d y  
i t  was in te n d e d  i n  th e  d e s ig n  o f  t h i s  machine t h a t  i t  would be 
o f  g e n e r a l  a p p l i c a t i o n  to  th e  s tu d y  o f f i la : ,en t~ w o u n d  v e s s e l s  
and a c c o r d in g ly  a s  an a c c e s s o r y  to  the  w ind ing  n n c h in e , a r i g  was 
d e s ig n e d  to  p e rm i t  im p re g n a t io n  and r e s p o o l in y  o f  the  ro v in g  to  
be c a r r i e d  o u t  a t  some s ta g e  p r i o r  to  w in d in g .  This  :cig: i s  
sho’m i n  F ig u re  12. The d e s ig n  emplog^s th e  same im p reg n a t io n  
end t e n s i o n in g  p r i n c i p l e s  u sed  i n  the  main rv -ch ine .
76
CMFTER 4 '.Yind in g  of  Ves s e l s
The p ro c e d u re  o f  w ind ing  m ay be d e s c r ib e d  cis  f o l l o w s .  
P r e p a r a t i on o f  Mandr e l
The m andrel assembl.y t o g e t h e r  w i th  i t s  s i n g l e  wrap of 'T .Ielinex" 
f i lm ;  o,s shown in  f i g u r e  4 , i s  c o a te d  w i th  s e v e r a l  l a y e r s  o f  
’’B reon 625” , PVC l a t e x  s o l u t i o n  which f u s e s  a t  25^C. T his  forms 
a  t h i n  s k in  o f  PVC on which th e  f i l a m e n t  tube  i s  to  be wound.
The M elinex  im p a r t s  a  smooth f i n i s h  to  t h i s  PVC l i n i n g ,  th e  main 
p u rp o se  o f  which i s  to  h e lp  s e a l  th e  f i l a m e n t  tu b a  u n d e r  i n t e r n a l  
p r e s s u r e .  The two PTFE c o a te d  r i n g s  seen  in  F ig u r e  4 clamped a t  
e i t h e r  end o f  th e  m andre l a r e  u sed  to  form th e  edge o f  th e  wound 
tu b e  sq u a re  f o r  com p ress io n  t e s t i n g  p u r p o s e s ,
C a l c u l a t i o n  o f  th e  Timed Delay a t  End o f  T r a v e r s e .
'.Tnen h e l i c a l  w ind ing  i s  b e in g  perfo rm ed  th e  r o v in g  band 
r e q u i r e s  to  be l o c a t e d  i n  p o s i t i o n  on th e  m andre l s u r f a c e  a t  the  
end o f one t r a v e r s e  b e fo re  th e  c a r r i a g e  r e t u r n  i n  th e  o p p o s i te  
d i r e c t i o n  commences. At t h i s  p o i n t ,  i t  i s  e s s e n t i a l  t h a t  th e  
r o v in g  sh o u ld  n o t  s l i p  a c r o s s  th e  m andrel s u r f a c e .  T h is  may be 
a c h ie v e d  by d e la y in g  th e  c a r r i a g e  a t  th e  end o f  i t s  t r a v e l  u n t i l  
th e  r o v in g  i s  h e ld  i n  p o s i t i o n  by a l e n g th  o f  c i r c u m f e r e n t i a l l y  
wound r o v in g .  A consequence  o f  h o ld in g  the  c a r r i a g e  a t  th e  end o f 
i t s  t r a v e l  f o r  a  g iv en  tim e i s  th e  in c r e a s e  i n  wa.ll t h i c k n e s s  t h e r e  
Y/hich may d i s r u p t  the  o r i e n t a t i o n  of the  f i l a m e n t s  on t h e i r  r e t u r n  
jo u rn e y .  One v/ay o f  e l i m i n a t i n g  t h i s  i s  to  w ind a  tu b e  lo n g e r  
t h a n  r e q u i r e d  and remove, by m ach in ing , th e  end p o r t i o n s  i n  which
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tiiG p a t t e r n  has  been  d i s o r i e n t a t e d .  But t h i s  w i l l  r e i i 'O v e  somewhat 
th e  a d v an ta g e s  o f  u s in^ ' c o n t in u o u s  f i b r e s  i n  a  f i l a m e n t  v/ound v e s s e l .
The tim e d e la y  p ro c e ss  a p p e a rs  to  be a  b e t t e r  p r o p o s i t i o n
p ro v id e d  t h a t  the- e x t r a  th ic h n o s s  b u i l t  up a t  th e  ends o f  th e  tu b e
i s  n o t  too  e x c e s s iv e .  A tim e d e la y  tha .t m in im ises  t h i s  b u i ld - u p
may be e s t im a te d  from c o n s i d e r a t i o n  o f  th e  v /ind ing  p a t t e r n  on th e
m andre l a t  th e  end o f  th e  c a r r i a g e  t r a v e r s e  to  be T -  ((ÿ. 4- —)%n ^‘ 1 r  m
seconds  where 'n ^ '  and ’ r '  a r e  th e  m andrel r o t a t i o n a l  speed  and r a d i u s  
r e s p e c t i v e l y  a n d a n d  D a r e  q u a n t i t i e s  t h a t  depend on the  a n g le  of 
h e l i c a l  w in d in g  a ^ ,  ( D e t a i l s  o f  t h i s  app roach  a r e  g iv e n  i n  
ap p en d ix  2)*
S e t t i n g  o f  D riv e  Speeds
^niThe m otor speed  r a t i o  —- depends on th e  a n g le  a  a c c o rd in g  to  
e q u a t io n  ( o . l ) .  A p l o t  o f  the  m otor speeds f o r  v a r io u s  a n g le s  o f  
wind has  been  made (F ig u re  1 3 ) .
F o r  a  g iv e n  m otor speed  r a t i o ,  th e  w ind ing  p r o c e s s  may be 
p e rfo rm ed  a t  w id e ly  d i f f e r i n g  r a t e s  w i th in  th e  l i m i t  o f  th e  motor 
c a p a c i t i e s .  Choice o f  th e  most s u i t a b l e  s e t t i n g s  o f  th e  s h a f t  
speeds  i s  made on th e  b a s i s  o f  th e  computed tim e d e la y  n e c e s s a ry  
a t  e i t h e r  end o f  th e  c a r r i a g e  t r a v e r s e . f o r  th e  r e q u i r e d  w ind ing  
p a t t e r n .  The two m e te rs  i n  th e  c o n t r o l  p a n e l ,  i n d i c a t i n g  th e  s h a f t  
sp eed  a s  a  p e rc e n ta g e  o f  f u l l  speed  f o r  each d r iv e  sy s tem , p e rm it  
th e  a c c u r a t e  s e t t i n g  and  su b se q u e n t  e a sy  m o n i to r in g  o f  th e  s h a f t  
sp eed s  d u r in g  th e  w in d in g  o p e r a t io n .
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The U in d ln g  O p era tion
The tim e d e la y  i n i t i a t i n g  l i m i t  s w i tc h e s  a r e  p o s i t i o n e d  on 
th e  c a r r i a g e  g u id e  r a i l  a t  e i t h e r  end o f th e  d e s i r e d  t r a v e r s e  
l e n g t h .  The r e s i n  m ix tu re  i s  in t r o d u c e d  i n t o  th e  r e s e r v o i r  on 
th e  c a r r i a g e  and f e d  to  th e  b a th .  The ro v in g s  a r e  drawn from th e  
ch eese  th ro u g h  th e  b a th  and m an u a l ly  v/ound. a  t u r n  o n to  th e  m andrel 
t o  s e c u re  th e  e n d s .  Power i s  a p p l i e d  s im u l ta n e o u s ly  to  b o th  d r iv e  
system s and u n l e s s  m an u a l ly  i n t e r r u p t e d ,  w ind ing  c o n t in u e s  a u to -  
m a ticaJ - ly  u n t i l  t h e  d e s i r e d  number o f  t r a v e r s e s  a t  t h e a t  s e l e c t e d  
a n g le  have b een  co m p le ted ,  In te3 ? ru p t io n  o f  th e  au tom sitic  mode 
may be made a t  any t im e ,  when b o th  system s w i l l  be h e l d  s t a t i o n a r y  
a g a i n s t  th e  r o v in g  back  t e n s i o n  by th e  e le c t r o m a g n e t i c  b rak e  u n i t s  
so t h a t  th e  w in d in g  p a t t e r n  i s  n o t  d i s tu r b e d .  The p ro c e s s  may be 
i n t e r r u p t e d  f o r  example to  e n a b le  th e  a n g le  o f  w ind to  be changed 
o r  to  p e rm it  i n c o r p o r a t i o n  o f  th e  f i n e  d ia m e te r  r e s i s t a n c e  w ire  
m easurem ents  i n t o  th e  r o v in g  band , b u t  a s  th e  r e s i n  system  i s  o f  
f a i r l y  low v i s c o s i t y ,  the  d u r a t i o n  o f  i n t e r r u p t i o n s  sh o u ld  be k e p t  
a s  s h o r t  a s  p o s s i b l e  to  a v o id  r e s i n  m ig r a t io n  a c r o s s  th e  mandrel 
s u r f a c e  to  th e  lo w e s t  p o in t .
I n s e r t i o n  o f  R e s i s ta n c e  V/ire During. W inding .
S ince  th e  f i l a m e n t  wound tu b e  i s  c o n s id e re d  a n i s o t r o p i c  and 
h e te r o g e n e o u s ,  th e  q u e s t i o n  i s  v /hether o r d in a r y  s t r a i n  gauges can  
a c c u r a t e l y  m easure  th e  s t r a i n s  a r i s i n g  i n  th e  f i b r e s .  I f  a  f i n e  
r e s i s t a n c e  w ire  (w i th  a  s i m i l a r  d ia m e te r  to  t h a t  o f  th e  i n d i v i d u a l  
g l a s s  f i b r e s )  i s  wound a lo n g  v /i th  th e  r o v in g  band , a  s t r a i n  m easu re ­
ment o f  such  a  v /ire  may be more r e p r e s e n t a t i v e  to  th s i t  o f  th e  f i b r e .
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A s tu d y  o f  0 .0 0 1 ” d i a . ’Advance’ v/ire f o r  use  i n  t h i s  way was 
made and i s  d e t a i l e d  i n  ap pend ix  3. To c a r r y  t h i s  o u t ,  a  method 
had to  he d e v is e d  to  s u c c e s s f u l l y  h an d le  the  f r a g i l e  w ire  and 
in c o r p o r a t e  i t  a t  i n t e r v a l s  d u r in g  th e  w ind ing  o f  th e  tu b e .
Prom 8, m ounting  j u s t  above th e  im p re g n a t io n  b a th  on th e  
c a r r i a g e ,  th e  w ire  i s  drawn th ro u g h  a. gu ide  to  ru n  a lo n g  w ith  th e  
ro v in g  band on to  th e  m andrel s u r f a c e ,  a s  shown i n  F ig u r e  6 .
Care i s  a l s o  ta k e n  to  a l lo w  th e  ends o f tho  w ire  to  be a c c e s s i b l e  
when th e  tu b e  i s  c u re d .
C om pletion  o f  t he i / ind in g  O p e ra t io n
A f t e r  w in d in g  i s  completed., th e  m andrel i s  k e p t  r o t a t i n g  
w h i le  th e  c a r r i a g e  i s  removed and th e  c u r in g  oven p la c e d  a round  
th e  m andre l to  commence th e  cu re  o f  th e  r e s i n .  A f t e r  th e  cu re  
i s  com pleted  and th e  oven removed, i t  i s  c o n v e n ie n t  a t  t h i s  
j u n c tu r e  to  a t t a c h  any i tem s  such a s  s t r a i n  gauges b e f o r e  removal 
o f  th e  m andrel from w i th in  th e  t u b e .
T y p ic a l  b u i l d  up o f  a tube  on th e  m andrel i s  shown in  
F ig u re  14, Examples o f wound tu b e s  a r e  s ee n  i n  F ig u r e  15.
8 0
GHiVPTHlR 5 T e s t i n g o f  V e s s e l s
Detemai n a t i o n o f  th e  F i l ia l  Co:toos i t i on of t he Tube
S in ce  g l a s s  does n o t  o x id i s e  a t  m o d e ra te ly  h ig h  te m p e ra tu re  
a  common method o f  d e te r m in in g  th e  co m p o si t io n  o f  th e  m a t e r i a l , 
where a  sample coupon may be o b ta in e d  f o r  th e  p u rp o s e ,  i s  to  b u rn  
o f f  th e  r e s i n  a t  a te m p e ra tu re  o f a p p ro x im a te ly  550°C u n t i l  no 
f u r t h e r  w e ig h t  l o s s  i s  r e c o rd e d ,  when i t  i s  assumed t h a t  on ly  the  
g l a s s  i s  l e f t  o f  th e  sam ple. By a p p r o p r i a t e  m easurem ents  b e fo re  
and a f t e r  b u r n - o f f ,  th e  w e ig h t co m p o s i t io n  o f  th e  m a t e r i a l  may be 
d e te rm in e d .  Where i t  i s  n o t  p o s s i b l e  to  o b ta in  sam ples  o f  the  
m a t e r i a l s  f o r  t e s t i n g  i n  t h i s  way, th e  r a t i o  o f  th e  c o n s t i t u e n t s  
i n  a tube  may be o b ta in e d  i n  th e  f o l l o w in g  manner.
The tu b e s  u sed  i n  th e  p r e s e n t  s tu d y  c o n ta in  r e s i n ,  g l a s s ,
PVC and r e s i s t a n c e  w ire .  The g l a s s  w e igh t can be s im p ly  o b ta in e d  
by  v /eigh ing  th e  ch ee se s  b e f o r e  and a f t e r  w ind ing . I n  a  s i m i l a r  
way, th e  w e ig h t  o f  r e s i s t a n c e  w ire  i n s e r t e d  may be d e te rm in e d  
d i r e c t l y  from  th e  m a t e r i a l  u sed .  The w e igh t o f  PVC d e p o s i t e d  on 
th e  ma.ndrel can  be d e te rm in ed  by w e ig h t m easurement o f  th e  mandrel 
b e f o r e  and a f t e r  th e  a p p l i c a t i o n  o f  PVC;
Hence knowing th e  f i n a l  w e ig h t o f  th e  cu red  tu b e  by  measurement 
on rem oval from th e  m an d re l ,  th e  w e ig h t  o f  r e s i n  i n  th e  tube  may be 
o b ta in e d  by s u b t r a c t i o n  a s  fo l lo w s  ; -
V e ig h t  o f  r e s i n  u sed  -  Weight o f  c u red  tube  
“ ( th e  w e ig h t  o f  g l a s s  u sed  + w e ig h t  o f  PVC u sed  + w e ig h t o f  
w ire  u sed )
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Knowing th e  w e ig h t  c o m p o s i t io n ,  th e  volume f r a c t i o n  o f  each  
c o n s t i t u e n t  and th e  com posite  d e n s i t y  o f  th e  tube  can be r e a d i l y  
computed knowing th e  d e n s i t i e s  o f  each  c o n s t i t u e n t  m a t e r i a l .
De t e r m in â t  i.on o f  th e  Kean ',7c 1 'I T h ick n ess
The mean w a l l  t h i c k n e s s  i s  r e q u i r e d  in  th e  a n a l y s i s  o f  th e  
tu b e  und.er a p p l i e d  l o a d s .  Where th e  w e ig h ts  and d e n s i t i e s  o f  
th e  c o n s t i t u e n t s  a r e  known, i t  i s  p o s s i b l e  to  c a l c u l a t e  a v a lu e  
f o r  th e  av e rag e  w a l l  t h i c k n e s s  from th e  volume o f  th e  tu b e  knowing 
i t s  l e n g th  and r a d i u s .  S in ce  th e  o u t e r  s u r f a c e  o f  th e  tube  i s  
s l i g h t l y  uneven b eca u se  o f  th e  r e s i n  s u r f a c e  l a y e r  th ic lo ie s s  
v a r i a t i o n s , a c t u a l  measurem ent o f  th e  w a l l  th i c lo ie s s  r e q u i r e s  to  
be c a r r i e d  o u t a t  s e v e r a l  p o s i t i o n s  a round  and a lo n g  th e  tube  to  
p e rm i t  th e  a v e rag e  w a l l  th i c k n e s s  to  be o b ta in e d  w i th  a c c u ra c y ,
A s im ple  d e v ic e ,  i n c o r p o r a t i n g  two d i a l  t e s t  i n d i c a t o r s  
w i th  s c a l e  g r a d u a t io n s  o f  0 .0 0 0 5 ” , w hich e n a b le d  th e  w a l l  th ick n .e ss  
o f  a  wound tube  to  be m easured a t  a n y , p o s i t i o n  a lo n g  i t s  l e n g th ,  
was made and can be seen  i n  F ig u re s  15 and 16. The measurem ent o f  
t h ic lo ie s s  o b ta in e d  co u ld  be r e a d  to  an  a c c u ra c y  o f  - 0 . 0 0 0 2 ” ,
B oth  methods were u s e d  i n  th e  d e te r m in a t io n  o f  th e  w a l l  t h i c k ­
n e s s  o f  th e  tu b es  u s e d  i n  t h i s  s tu d y ,  and  y i e l d e d  I’e s u l t s  i n  c lo s e  
ag reem en t w i th  each  o t h e r .
Tube No. Loan F a l l  Thi ckness
a )b y  w e ig h t  method b ]b y  m easurem ent
(mean v a lu e )
1 0 .1 1 7 5 ” 0 .1 1 5 ”
2 0 .1 2 2 3 ” 0 . 121”
3 0 .0 5 0 ” 0 .0 5 1 4 ”
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The Use o f  I n t e g r a l l y  ’,7ound R e s i s ta n c e  Wire a s  a  S t r a i n  Gauge
The w ire  s t u d i e d  was 0 .0 0 1 ” in  d ia m e te r  ’Advance* w ire  i n  th e  
b r i g h t  c o n d i t i o n .  Advance i s  a  copper n ic k e l  a l l o y  c o n ta in in g  5 5 /  
co p p e r ,  v/hich has  a  r e s i s t i v i t y  o f  4-9yt-zXl-cm. and was chosen  because  
i t  has  a  r e l a t i v e l y  low te m p e ra tu re  c o e f f i c i e n t .  The f i r s t  r e q u i r e ­
ment i s  to  d e te rm in e  th e  ga,uge f a c t o r  o f  such a w ire  f o r  s t r a i n  
m easurem ent.
Owing to  th e  h e te ro g e n e o u s  n a tu r e  o f  a  f i l a m e n t a r y  r e i n f o r c e d  
s t r u c t u r e  s t r a i n  measurement c an n o t be e a s i l y  c a r r i e d  o u t  w ith  common 
methods o f  m easurem ent. As th e  m a t e r i a l  may c o n s i s t  o f  many l a y e r s  
o f  d i f f e r e n t  f i l a m e n t  o r i e n t a t i o n s  and i s  i n  g e n e r a l  a n i s o t r o p i c  and 
h e te r o g e n e o u s ,  th e  measurement o f  s t r a i n  t h e r e f o r e  p r e s e n t s  a  problem . 
A lthough  o r d in a r y  e l e c t r i c a l  s t r a i n  gauges have been  u se d ,  th e  s t r a i n  
th u s  m easured , how ever, can o n ly  r e p r e s e n t  th e  r e s u l t a n t  s t r a i n  i n  th e  
b in d e r  where th e  gauge i s  p la c e d .  I t  b e a r s  no e x a c t  r e l a t i o n s h i p  to  
th e  a c t u a l  s t r a i n  i n  th e  lo a d  c a r r y in g  f i b r e s  e s p e c i a l l y  i n  c ase s  where 
th e  f i b r e s  i n t e r l o c k  w i th  each  o t h e r  to  form a com p o si te  l a y e r  w i th  th e  
b in d in g  m a t e r i a l .  S in ce  th e  lo a d  carry ing- a b i l i t y  o f  a  f i l a m e n ta r y  
s t r u c t u r e  depends to  a l a r g e  e x t e n t  on th e  l o a d in g  c o n d i t io n s  i n  the  
f i b r e s ,  a  knowledge o f  th e  s t r a i n  i n  th e  s t r u c t u r e  i n  th e  d i r e c t i o n  o f  
th e  f i b r e s  i s  d e s i r a b l e .
I f  a  f i n e  e l e c t r i c a l  r e s i s t a n c e  w ire  i s  i n c o r p o r a t e d  in  a  s t r a n d  
o f  f i l a m e n t s  d u r in g  th e  w ind ing  p r o c e s s ,  th e  w i r e , a s  an  i n t e g r a l  p a r t  
o f  th e  s t r u c t u r e ,  w i l l  e x p e r ie n c e  th e  same s t r a i n  a s  th e  f i l a m e n t s  
u n d e r  lo a d  p r o v id e d  t h a t  th e  s i z e  o f  th e  w ire  i s  sm a l l  enough n o t  t o  
i n t e r f e r e  w i th  th e  a c t u a l  lo a d in g  c o n d i t io n s  i n  th e  f i b r e s .  Thus the  
w ire  can be t r e a t e d  i n  th e  same manner as  an  o r d i n a r y  s t r a i n  g au g e ,
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I t  Y/ill m easure  th e  av e rag e  s t r a i n  o v e r  th e  l e n g th  o f  th e  f i l a m e n t s
a.long v.'hich th e  w ire  ru n s  « The g l a s s  f i l a m e n t  u sed  i n  th e  p r e s e n t
work has a  d ia m e te r  o f  0*00058"» One r o v in g  s t r a n d  c o n s i s t s  o f  2400
such  f i l a m e n t s , V/ith c a re  a  number o f  s t r a i n  gauge w ire s  can be
i n c o r p o r a t e d  i n t o  th e  s t r u c t u r e  a t  d i f f e r e n t  l o c a t i o n s  and d ep th s  from
th e  s u r f a c e  l e a v i n g  a  s h o r t  l e n g th  from each  end o f  th e  w ire  to  p r o t r u d e
from  th e  s u r f a c e  f o r  c o n n e c t io n  to  the  s t r a i n  gauge b r id g e  u n i t .
The gauge f a c t o r  o f  a  r e s i s t a n c e  v/ire u sed  to  m easure  m ech an ica l
s t r a i n  i s  d e f in e d  a s  th e  r a t i o  o f  th e  change i n  e l e c t r i c a l  r e s i s t a n c e
due to  th e  change i n  m ech an ica l  s t r a i n  i . e .  G.F, = 4 ^  /  where th e
pir e s i s t a n c e  R may be e x p re s se d  a s  R = ~  and p i s  th e  r e s i s t i v i t y ,  1
th e  l e n g th  and A th e  c r o s s - s e c t i o n a l  a r e a  o f  th e  w i r e . The t h e o r e t i c a l
d e r i v a t i o n  o f  th e  gauge f a c t o r  i s  d e t a i l e d  i n  R e fe ren c e  24, v/here i t  i s
shown t h a t  G .F. = 1 + 2v h- /  4'“  where v i s  th e  P o is s o n  r a t i o  o f  the
p 1
w ir e .  The gauge f a c t o r  v a lu e s  from t h r e e  d i f f e r e n t  r e f e r e n c e  s o u rc e s  
q u o te d  i n  R e fe ren c e  24 from t e s t s  on Advance w ire  u sed  e i t h e r  i n  s in g l e  
v /ire  form o r  a s  an  unbonded gauge a r e  2 ,1 ,  and 2 . 1 2 ( b i s ) .
E xperim en ts  were c a r r i e d  o u t  on s e v e r a l  spec im ens o f  v/ire to  
v e r i f y  th e s e  f i g u r e s .  The ends o f  each  l e n g th  o f  w ire  were s o ld e r e d  
t o  copper  t e r m in a l s  b e n t  i n  th e  shape shown i n  th e  d iagram  to  p ro v id e  
a  f a c i l i t y  f o r  t e n s i l e  lo a d s  to  be a p p l i e d .
I t"es
L o c .c (
A t y p i c a l  s t r a i n  gauge c i r c u i t  u s in g  an e l e c t r o n i c  n u l l  p o i n t  
i n d i c a t o r  and a  b r id g e  u n i t  was s e t  up. For i n i t i a l  b a la n c in g  o f  
th e  b r id g e  u n i t ,  a  w ire  wound v a r i a b l e  r e s i s t o r  was u se d  a s  th e
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t h e  duiniTiy gauge.  Loo,d was a p p l i e d  by dead w e ig h t  i n  in c re m en ts  
o f  O.Sgm. up to  a maxi mum w e igh t  o f  10.5gr.is, Choice o f  such a 
sm a l l  w e ig h t  i n c re m e n t  was aime cl a t  e l i m i n a t i n g  a s  much as  
p o s s i b l e  any dynamic f o r c e  d u r in g  t h e  changing; o f  w e i g h t s .  The 
maximum l o a d  o f  lO.Sgms, was chosen t o  e n su re  t e s t i n g  was c a r r i e d  
o u t  w e l l  w i t h i n  th e  e l a s t i c  p o r t i o n  o f  th e  s t r e s s  -  s t r a i n  cu rve ,  
a  t e s t  i n d i c a t i n g  t h a t  n o n - e l a s t i c  d e f o rm a t io n  o c c u r r e d  i n  the  
r e g i o n  o f  18gms, a p p l i e d  l o a d .  The t e s t  was r e p e a t e d  twice  f o r  
each  o f  th e  f i v e  specimens  o f  w ire  and t h e  change i n  r e s i s t a n c e  
^  ^  measured f o r  e ac h  l o a d  in c re m en t  o f  0.5gm. d u r i n g  b o th  the  
l o a d i n g  and s u b se q u e n t  u n l o a d i n g  o f  th e  w i r e , p r o v i d i n g  256 observed  
v a l u e s  i n  a l l ,  v / i th  an  e s t i m a t e d  acc u ra cy  o f  o b s e r v a t i o n  o f  3.4f.\ 
D e s p i t e  t h e  c a r e  t a k e n  d u r i n g  l o a d i n g  and  u n l o a d i n g ,  a  wide range  
o f  s c a t t e r  e x i s t e d  i n  t h e s e  o b se rv ed  v a l u e s  and tw e lve  were 
r e j e c t e d  on th e  b a s i s  o f  C h au v e n e t ' s  c r i t e r i o n  as  h a v i n g  too  l a r g e  
a  d e v i a t i o n .  The d i s t r i b u t i o n  o f  t h e  r e m a in in g  254 i s  shown i n
F i g u r e  17,  A mean v a lu e  of  /j, was computed f o r  a  lo a d
in c re m e n t  o f  0,5gm. t o g e t h e r  w i th  t h e  s t a n d a r d  d e v i a t i o n ,  s ,  of 
t h e  o b s e r v a t i o n s .
From th e  d e f i n i t i o n  ^  -  G.F. x
V?4 G.F. X vilere V/, A and E a r e  th e
a p p l i e d  l o a d ,  th e  c r o s s - s e c t i o n a l  a r e a  and Young’ s i lodulus  o f  the  
v / i re .  Hence th e  v a lu e  o f  th e  r a t i o  may be d e te rm in e d  from
th e  e x p e r im e n t a l  v a l u e s  o b t a in e d  f o r  th e  change i n  r e s i s t a n c e  f o r  
a  known lo a d  in c r e m e n t ,  and  îaïowiïu; t h e  modulus v a l u e , th e  G.F. 
may be deduced.
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For the  s i n g l e  unbonded w i r e , f o r  a lo a d  in crem en t  ',7 o f
Oo mean v a lu e  o f  -  1 .4 8  x 10 ' S ta n d a rd  d e v i a t i o n
-4s = 0 .1 7  X 10 p e r m i t s  c a l c u l a t i o n  of  the  p ro b a b le  e r r o r  of  th e
'mean v a l u e  t o  be 0 .7 2 5  x 10 Th is  mean vad.ue g iv e s  a v a lu e
f o r .  t h e  r a t i o  o f  Young’ s i lodulus  t o  Gauge F a c t o r  o f  9 .5155 x 10 l b / i n '
and  u s i n g  th e  Young’ s i lodulus  v a lu e  quo ted  by th e  m a n u f a c tu r e r  of 
6 2E = 20 X 10 l b / i n  th e  Gauge F a c t o r  v a lu e  of  th e  v/ire i s  o b t a in e d  
a s  2 .1 0 1 8 .  This  v a l u e  i s  i n  good agreement  v/i th t h o s e  quo ted  i n
R e f e r e n c e  24,
A f u r t h e r  s e r i e s  o f  t e s t s  was c a r r i e d  ou t  i n  o r d e r  to  observe  
w h e th e r  o r  n o t  a  r e s i s t a n c e  v/ire can be used  to  measure  s t r a i n  
a c c u r a t e l y  employing  th e  v a lu e  o f  gauge f a c t o r  t h u s  d e te rm in e d  i f  
t h e  v/ ire  i s  bonded t o  a b a s i c  m a t e r i a l .
Three  l e n g t h s  o f  aluminium a l l o y  s t r i p  o f  nominal  x “1*' 1"  2 ^ 8
c r o s s  s e c t i o n  were u s ed  a s  b a s i c  spec imens v/i th one o f  t iie f a c e s  
s p e c i a l l y  p r e p a r e d  for- th e  bond ing  o f  th e  r e s i s t a n c e  v/ire by means 
o f  epoxy r e s i n .  Three  p o i n t s  need be borne  i n  nrLnd. They a r e  
t h e  a c t u a l  l e n g t h  o f  t h e  v/ire bonded to  the  spec imen,  t h e  t o t a l  
l e n g t h  o f  th e  v/ire i n c l u d i n g  the  p o r t i o n  -vhich w i l l  n o t  be unde r  
s t r a i n ,  and t h e  a l i g n m e n t  o f  th e  v/ire v /i th  'Lhe b a s i c  specimen so 
t h a t  th e  v/ire w i l l  e x p e r i e n c e  th e  same degree  o f  s t r a i n  as  the  
8p e c iment  u n d e r  l o a d .  The l a s t  p o i n t  can be a c h i e v e d  i f  th e  r e s i s t ­
ance  v/ire i s  l a i d  u n d e r  s l i g h t  t e n s i o n  a lo n g  th e  c e n t r a l  l i n e  of th e  
spec imen  p r i o r  to  bond ing .  A j i g  was s p e c i a l l y  r r d e  f o r  t h i s  
p u r p o s e .
V7ith t h e  a lumin ium s t r i p s  i n  p o s i t i o n  i n  th e  j i g ,  a t h i n  coa t
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o f  th e  r e s i n  sys tem  used  f o r  tube  m anufac tu re  v/as b r u s h e d  on. ev en ly  
o v e r  t h e  p r e p a r e d  s u r f a c e  and cured  t o  p ro v id e  i n s u l a t i o n  o f  t h e  w ire  
from th e  a lumin ium. The ends o f  t h e  s t r i . p s  were t h a n  masked so 
t h a t  o n ly  th e  c e n t r a l  p o r t i o n  o f  l e n g t h  ' 2 1 ’ was l e f t  uncovered .  
Leng ths  o f  th e  ’Advance'  w i re  were l a i d  i n  p o s i t i o n  a l o n g  th e  c e n t r e  
l i n e  o f  t h e  s t r i p s  and t e n s i o n e d  s l i g h t l y  b e f o r e  a second a p p l i c a t i o n  
o f  r e s i n  was f lowed  from a f i n e  b r u s h  a l o n g  the  w i r e .  '.Tnen t h i s  
c o a t  of  r e s i n  had  been  cu red ,  th e  w i r e s  were c u t  w h i l e  s t i l l  un d e r  
t e n s i o n  to  a t o t a l  l e n g t h  ' L ' .  The masking; and  c u t t in g ;  o p e r a t i o n s  
were a l l  c a r r i e d  ou t  u n d e r  m a g n i f i c a t i o n .  The ends  v/ere s o l d e r e d  
to  e l e c t r i c  l e a d s  -  a l i o  r i n g  f o r  th e  s o l d e r  j u n c t i o n s , t h e  to ta , l  
l e n g t h  may be t a k e n  as  i n s t e a d  o f  *L ' ,
Le t  and be r e s p e c t i v e l y  th e  r e s i s t a n c e  o f  th e  t o t a l  
l e n g t h  L^ o f  th e  w i re  b e f o r e  and a f t e r  lo a d  i s  a p p l i e d .
L e t  R^’ and R^' be r e s p e c t i v e l y  th e  r e s i s t a n c e  o f  t h e  bonded 
p o r t i o n  of  th e  w i r e  o f  l e n g t h  "21" b e f o r e  and a f t e r  lo a d  i s  a p p l i e d .  
Then R^ -  + r  1 where r  i s  t h e  r e s i s t a n c e  o f  th e  two
u n s t r a i n e d  p o r t i o n s  o f  t h e  w i re  of
l e n g t h  l / 2 (L i  -  2 l ) ,
Now from i t s  d e f i n i t i o n ,  G.F, = w™ * & ,R ^ '
V/here S  , t h e  s t r a i n  o f  th e  alumin ium s t r i p  may be d e te rm in e d  from
g _    T e n s i l e  Load    \!
G r o s s - s e c t i o n a l  a r e a  x Young 's  I lodulus  "A.E
.% G.F. -  . 1 = ^2 " \  , 1
R ^ '  ”  S  R ^ ’ s
= . I  . U  , i n o e  E g  .  « f -  and I g  .
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AR ^2 “■Now we measure  {^ ')  o b se rv ed  •-  --
; ^ /AR\ . -, 1 * 10» G.F. =•• (-p™; o ù s e r v e a  . " ^ il e 21
L-L
( G. F » ) ob s 0 rvo d ^ 2T
T h e r e f o r e  t h e  r a t i o  " y  must be a p p l i e d  a s  a c o r r e c t i o n  to  th e
o b se rv ed  G.F. v a l u e s  o b t a i n e d  d u r i n g  t e s t i n g  o f  th e  s t r i p s .
T e s t i n g  was c a r r i e d  ou t  by a p p l y i n g  t e n s i l e  l o a d  in c re m en ts
o f  0 .0 5  t o n  to  th e  s t r i p s  w hi le  th e  v a l u e s  observed  ''TG?:e
r e c o r d e d  by means o f  a  s t r a i n  b r i d g e  u n i t  a s  d e s c r i b e d  e a . r l i e r .
The t e s t s  were r e p e a t e d  s e v e r a l  t im es  f o r  each s t r i p / ,  and the
r e s u l t s  p l o t t e d  w i t h  (^ 'hO ^bse rved  ^ .ga ins t  a p p l i e d  l o a d .  From the
a v e r a g e  v a lu e  o f  a') obse rved  ^ o r  a lo a d  in c re m en t  o f  0 .0 5  tons
th r o u g h o u t  t h e  r a n g e  of l o a d i n g  f o r  each  spec im en, a v a l u e  o f  th e
il i_gauge f a c t o r  G.F. = -g" * ‘ —  was computed. The^ e s t i m a t e d
a c c u r a c y  o f  o b s e r v a t i o n s  combine t o  g ive  an  a c c u r a c y  o f  - 7^ 1 f o r  the
G.F. v a l u e .  A much s m a l l e r  range  o f  s c a t t e r  i s  a p p a r e n t  i n  th e
o b s e r v a t i o n s  f o r  t h i s  s e r i e s  o f  t e s t s ,  o n ly  one v a l u e  o f ( 4r ^  %.'  ^ R ' O bse rved
b e i n g  r e j e c t e d .  The d e r i v e d  G.F. v a l u e s  c a l c u l a t e d  a r e  shov/n
h
below,  th e  d i f f e r e n t  r a t i o s  o f  a p p l y i n g  t o  th e  spec im ens  making- 
d i r e c t  compar ison  o f  o b se rv ed  r e s i s t a n c e  change m e a n i n g l e s s ,
Speoimen 21 T % b s e r v e d  ^ . F .
  A v e r a g e    _
6.50  4 .0  2 ,5 0  X 10*"“ 2 .195
2 .45  X 10"^ 2 .150
6 .5 4  3 .94  2 .4 7  x lO""^ 2 .216
2 .4 4  X 10""^ 2 ,187
6 0
2*45 X 10"' 2 .198
2.4G X 10"'“ 2.204
2.44 X 10"- 2.187
2.41 X 10"- 2.160
5.57 5.0 2,18 X 1 0 2 . 1 8 8
2.19 X 10"'^ ' 2.196
2.19 X  10"- 2 ,196
The mean v a lu e  o b t a i n e d  was G.F, -  2 ,1 8 9 ,  S ta n d a rd
-2d e v i a t i o n  s -  1 .7 9 4  x 10 " p e r m i t s  c a l c u l a t i o n  o f  t h e  p ro b a b le
e r r o r  o f  th e  mean to  be 0 .5 8  x 10
I t  i s  i n t e r e s t i n g  t o  n o t e  th e  c l o s e  compar ison  o f  th e  v a lu e s
of  th e  G,Fo o b t a i n e d  f o r  th e  th i 'oe  suecirnens d e s c i t e  t h e  d i f f e r e n t
hr a t i o s  o f  f o r  each  specimen.
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When a, s t r a i n  guuge i s  bonded to  a  b a s i c  m a t e r i a l ,  i t  i s  
assumed t h a t  t h e  e f f e c t  o f  th e  bonding  m a t e r i a l  i s  n e g l i g i b l e  so 
t h a t  f o r  p r a c t i c a l  a n a l y s i s  p u r p o s e s ,  the  gauge e x p e r i e n c e s  tho 
same s t r a i n  as  t h e  m a t e r i a l  t o  vfnich i t  i s  bonded. The aim of  
t h e  f o r e g o i n g  t e s t s  was to  de te rm ine  w he the r  any s i g n i f i c a n t  
d i f f e r e n c e  e x i s t e d  between th e  gauge f a c t o r s  a p p l y i n g  l )  to  th e  
unbonded w ire  2 ) t h e  w i r e  bonded to  the  s u r f a c e  o f  some o t h e r  
m a t e r i a l  and 3) t h e  w ire  embedded w i t h i n  the  composi te  m a t e r i a l .  
Prom the  t e s t s ,  t h e  gauge f a c t o r  f o r  case  1,  th e  unbonded w ire  
was d e te r m in e d  as  2 ,1013 and t h a t  f o r  case  2 , th e  w i re  bonded to  
th e  s u r f a c e  o f  th e  a luminium as  2,189, a d i f f e r e n c e  o f  4)i. There 
might  be t h r e e  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s .  E i t h e r  th e  wire  
i s  b e in g  s t r a i n e d  to  a l e s s e r  degree  th a n  th e  alumin ium because  o f
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s h e a r  s t r a i n  ta ld .ng p l a c e  v / i t h in  th e  r e s i n  l a y e r  o r  th e  v a lu e  of
t h e  Young 's  r.lodalus u s e d  f o r  th e  w ire  i n  case  1,  i s  too  low 
th e  Young 's  r.lodalus u s e d  f o r  th e  w ire  i n  case  1,  i s  too  low*
I t  i s  a l s o  p o s s i b l e  t h a t  th e  d i f f é r e n c e  may be a cc o u n te d  f o r  by
e x p e r im e n t a l  e r r o r s  i n  the  two s e r i e s  o f  t e s t s .
Of t h e  t h r e e  c a s e s ,  case  2 may be c o n s i d e r e d  to  be t h e  l e a s t
f a v o u r a b l e  c o n d i t i o n  f o r  th e  r e s i n  employed as  bond in g  a g e n t  to
e f f i c i e n t l y  t r a n s f e r  th e  s t r a i n  from th e  b a s i c  m a t e r i a l  t o  th e
r e s i s t a n c e  w i r e ,  when t h e  w i r e  i s  i n c o r p o r a t e d  w i t h i n  t h e  r o v i n g
band b e i n g  wound o n to  tho m andre l ,  i f  th e  a s s u m p t io n  o f  e f f i c i e n t
im preg i ra t io n  and a l i g n m e n t  o f  th e  r o v i n g  band d u r i n g  th e  w ind ing
p r o c e s s  h o l d s ,  th e  w i r e  w i l l  become c o m p le te ly  su r ro u n d e d  by
f i l a m e n t s  i n  c l o s e  p r o x i m i t y  to  the  w ire  w i th  v e r y  t h i n  l a y e r s  o f
r e s i n  between th e  i n d i v i d u a l  l o a d - c a r r y i n g  f i b r e s ,  w h e rea s ,  th e
l a y e r  o f  r e s i n  be tween  th e  w ire  and th e  s u r f a c e  o f  th e  base  m a t e r i a l
i n  case  2 ( t h e  a lumin ium s t r i p  i n  t h i s  s tu d y )  may be g r e a t e r  th a n
t h e  w i re  d i a m e t e r . ,
C o n s id e r  th e  w i r e  bonded to  th e  a luminium s u r f a c e .  A l a r g e r
gauge f a c t o r  i n  t h i s  c ase  i m p l i e s  from th e  d e f i n i t i o n  o f  gauge
f a c t o r  t h a t  th e  bonded w ire  i s  u n d e rg o in g  a  low er  s t r a i n  t h a n  th e
a luminium s t r i p .  T h i s  i s  p o s s i b l e  a s  th e  t r a n s f e r  o f  l o a d  from
th e  s t r i p  to  t h e  w i re  must have caused  a c e r t a i n  amount o f  s h e a r
s t r a i n  i n  th e  r e s i n  l a y e r .  The i n v e s t i g a t i o n  g iv e n  i n  Appendix 3
• i s  to  d e te rm in e  t h e  d i f f e r e n c e  i n  s t r a i n  o f  th e  s t r i p  and th e  w ire
u n d e r  tho  p r e s e n t  c o n d i t i o n s .
The r a t i o  o f  th e  two s t r a i n s  i s  g i v e n  by
Q = ^  = 1 _ (A3 -  10 )
9 0
where j.i = ( r y - ^  + — r  ) (A3 -  *1 )
"■r ' l
and ,  a s  b e f o r e ,  21 t h e  l e n g t h  o f  w ire  bonded to  th e  aluminium*
F or  th e  p r e s e n t  r e s i n  system,  th e  ve.lne o f  Q o b t a i n e d  f o r  a
maximum r e s i n  t h i c k n e s s  o f  t  = 0*002" were Q, = 0 ,0 9 3 2 5 ,  0*90797,
0 ,9 9 9 8 0 ,  f o r  a  b r e a d t h  b -  0 ,0 0 1 ,  0 ,0 1 0 ,  0 ,5 0 0 ,  The a c t u a l
t h i c k n e s s  of  t h e  r e s i n  l a y e r  a p p l i e d  was l e s s  th a n  0 . 0 0 2 " ,  For
a l l  i n t e n t s  and p u r p o s e s ,  Q, can be t a k e n  as  u n i t y  and  th e  s t rE i in
i n  th e  w i r e  as  p r a c t i c a l l y  the  same as  t h a t  o f  th e  alumin ium
s t r i p  u nde r  l o a d .
The Young's  modulus o f  th e  w ire  was quo ted  by th e  m a n u f a c tu r e r
a s  "of  th e  o r d e r  o f  20 x  i O ^ l b / i n ^  ",  and  u s i n g  t h i s  v a lu e  i t  has
been  seen  t h a t  c l o s e  agreem ent  was o b t a i n e d  from th e  v a l u e s  o f  gauge
f a c t o r  quo ted  i n  R e fe ren c e  24. Howeveiy Advance i s  an a l l o y  o f
copper  and n i c k e l  and the  v a lu e  o f  Young 's  modulus f o r  a l l o y s  i s
v e r y  dependen t  on c o m p o s i t io n .  R e fe ren ce  v a l u e s  f o r  th e  Young's
Modulus o f  Cu -  h i  r e s i s t a n c e  w i r e s  m arke ted  u n d e r  th e  t r a d e  names
o f  C o n s ta n ta n ,  Advance e t c ,  a r e  g iv e n  i n  R efe ren ce  25 and 26 e,s
2
1 6 .2 4  X 10" dynes/cm which i s  e q u i v a l e n t  t o  a  v a lu e  o f  
6 22 3 .6  X 10 l b / i n ' " .  Th is  i n  t u r n  would make th e  G.F. v a lu e  2.4-8
u s i n g  th e  e x p e r i m e n t a l l y  found v a lu e  f o r  t h e  r a t i o  7™  of
6 / 2  K9 .515  X 10 l b / i n  . I n  t u r n  t h i s  v a lu e  o f  u s e d  i n  c o n j u n c t i o n
w i t h  t h e  e x p e r i m e n t a l l y  found v a lu e  o f  G.F. = 2 .1 8 9  from th e
a lumin ium t e s t s  i m p l i e s  a v a lu e  f o r  the  Young 's  Modulus of
20 .92  X 1 0 ° l b / i n ^ ,  f o r  th e  w i r e .
F i n a l l y ,  t h e r e  i s  th e  p o s s i b i l i t y  o f  e x p e r im e n t a l  e r r o r s  f o r
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th e  methods employed i n t r o d u c e d  by l )  t h e  measurement o f  l o a d ,  
c r o s s - s e c t i o n a l  a r e a s  and Young's  Modulus i n  each t o s t ,  2) the  
Moasuremont of th e  l e n g t h s  and 21 a%inlied as  a  c o r r e c t i o n  
f a c t o r  to  t h e  v a l u e s  o b t a i n e d  e x p e r i m e n t a l l y  i n  the  a luminium 
s t r i p  e x p e r i m e n t s . s) t h e  u se  of  a. w i r e  wound r e s i s t o r  as  a  dummy 
gauge t o  b a l a n c e  t h e  b r i d g e  c i r c u i t  i n i t i a l l y .  From c o n s i d e r a t i o n  
o f  t h e s e  f a c t o r s ,  t h e  a c c u r a c y  o f  observa,t i o n  o f  th e  two methods 
d e t a i l e d  were e s t i m a t e d  a t  n o t  l e s s  th an  f o r  th e  unbonded wire
t e s t s  and n o t  l e s s  th a n  6 , 6fj f o r  th e  w ire  bonded to  t h e  aluminium 
s t r i p ,  so t h a t  a  d i f f e r e n c e  o f  iM between t h e  two e x p e r i m e n t a l l y  
d e r i v e d  v a l u e s  i s  s een  t o  l i e  w i t h i n  th e  range  o f  e x p e r im e n t a l  
e r r o r .
I n  c o n j u n c t i o n  w i t h  t h e  f o r e g o i n g  i t  i s  c o n s i d e r e d  t h a t  the  
w i r e  can be  r e l i a b l y  u s ed  to  measure  th e  s t r a i n  i n  th e  f i b r e s  o f  a 
composi te  m a t e r i a l  when wound i n t o  t h e  s t r u c t u r e  as p a r t  o f  th e  
r o v i n g  band and because  o f  th e  doubt c o n c e rn in g  th e  a c c u r a c y  of 
t h e  v a l u e  o f  Young 's Modulus f o r  th e  w ire  i n  case  1 and th e  l a r g e r  
t h i c k n e s s  o f  r e s i n  a p p l y i n g  i n  case  2 compared to  case  5 , the  
v a l u e  o f  Gauge F a c t o r  employed has  been  ta k e n  as  th e  mean o f  th e  
two v a l u e s  d e te r m in e d ,  i . e .  2 ,1 4 5 .
V/here th e  v/ire i s  v/ound i n t o  a t u b e ,  i t  may be n e c e s s a r y  to  
e s t i m a t e  th e  t o t a l  e f f e c t i v e  l e n g t h  and t h e  " a c t i v e "  gauge 
l e n g t h *2 1 ' o f  th e  w i r e , a l t h o u g h  i n  most c a s e s ,  th e  r a t i o  o f  'L^ 
to * 2 1 ' w i l l  be s u f f i c i e n t l y  c lo s e  to  u n i t y  t o  be t r e a t e d  a s  such.
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_Desivti o f  a. T es t  R ig f o r  t he Tubes
I n  t h e  a n o l y s i s  o f  a f i l a m e n t  wound s t r u c t u r e  e l a s t i c  m odu l i !  
o f  t h e  m a t e r i a l  a lo n g  and t r a n s v e r s e  t o  the  f i b r e  a r e  g e n e r a l l y  
r e q u i r e d .  These m o d u l i i  may be d e te rm in e d  e x p e r i m e n t a l l y . I n  
a c i r c u m f e r e n t i a l l y  wound tu b e ,  t h e  Young's Modulus a lo n g  and 
t r a n s v e r s e  t o  th e  f i b r e s  and a s s o c i a t e d  P o i s s o n ' s r a t i o s  may be 
e s t a b l i s h e d  by s e l e c t e d  a x i a l  loading 's  and l a t e r a l  p r e s s u r e  t e s t s .  
The s h e a r  modulus may be d e te rm in e d  s e p a r a t e l y  from s imple  t o r s i o n  
t e s t s .
I f  a  c i r c u l a r  c y l i n d e r  i s  i n t e r n a l l y  p r e s s u r i s e d , a b i a x i a l  
system o f  s t r e s s  i s  in duced  where the  c i r c u m f e r e n t i a l  l o a d  i n  the  
v e s s e l  w a l l  i s  tw ice  th e  v a lu e  o f  t h a t  i n  t h e  l o n g i t u d i n a l  
d i r e c t i o n .  I t  w i l l  be p o s s i b l e  to  d e te rm in e  th e  modulus along; 
th e  f i b r e s  E and t h e  m a jo r  P o i s s o n s  r a t i o  v f o r  th e  tube  
p r o v id e d  t h a t  th e  l o n g i t u d i n a l  lo ad  component i n  th e  tube  can be 
a v o id ed .  T h e r e f o r e  one o f  th e  f u n c t i o n s  o f  a t e s t  r i g  p e r m i t t i n g  
th e  a p p l i c a t i o n  o f  i n t e r n a l  p r e s s u r e  l o a d i n g  t o  a  c y l i n d e r  w i l l  be 
t o  t a k e  up t h i s  s t r e s s  component.  O bv ious ly ,  i f  th e  ends s e a l i n g  
t h e  tube  were r e s t r a i n e d  by i n f i n i t e l y  r i g i d  s t r u c t u r e s  t h e r e  
would be no p o s s i b i l i t y  of  th e  p r e s s u r e  lo a d  on t h e  ends b e in g  
t r a n s m i t t e d  t o  th e  tube  w a l l .  As t h i s  i s  d i f f i c u l t  t o  a c h ie v e  i n  
p r a c t i s e ,  th e  aim must be to  so d e s ig n  th e  t e s t  r i g  t h a t  th e  ends 
a r e  r e s t r a i n e d  as  r i g i d l y  as  p o s s i b l e  and the  method o f  p r e s s u r e  
s e a l i n g  i s  such t h a t  w i th o u t  l o s s  o f  p r e s s u r e  t h e  s e a l s  may s l i p  
a lo n g  th e  tube  i n n e r  s u r f a c e  th rough  w ha teve r  sm a l l  d e f l e c t i o n  o f  
t h e  end f i x t u r e s  a c t u a l l y  occu rs  o r  e l s e  deform u n d e r  th e  s h e a r i n g
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a c t i o n  so  t h a t  no l o n g i t u d i n a l  s t r e s s  component i s  t r a n s m i t t e d  
t o  th e  w a l l .
The r i g  i s  shov/n ±n Fi y  ire  18 and c o n s i s t s  o f  two end 
a s s e m b l i e s  which a r e  r e s t r a i n e d  from r e l a t i v e  movement under  
i n t e r n a l  p r e s s u r e  l o a d s  by f o u r  s h o u ld e r ed  t i e  r o d s . The end 
a s s e m b l i e s  s e a t  dovm onto  th e  s h o u l d e r s  so t h a t  th e  w e igh t  o f  th e  
end a s s e m b l i e s  i s  c a r r i e d  by th e  ro d s  and n o t  th e  tu b e  u nde r  t e s t .  
These r o d s  were made as l a r g e  i n  d i a m e te r  as  p o s s i b l e  c o n s i s t e n t  
w i th  o v e r a l l  d im ens ions  o f  th e  r i g  to  en su re  t h e  s m a l l e s t  p o s s i b l e  
e l o n g a t i o n  u n d e r  l o a d .
The tube  i s  s e a l e d  a g a i n s t  th e  i n t e r n a l  p r e s s u r e  by 0 ,25"  
s q u a r e  neo p ren e  s e a l i n g  r i n g s  made to  s p e c i f i c a t i o n  by Dunlop L td .  
The l i g h t  com press ion  p r e s s u r e  t o  i n i t i a l l y  e f f e c t  a s e a l  i s  
m an u a l ly  a p p l i e d  t o  th e  r i n g s  w h e r e a f t e r  t h e  a i r  p r e s s u r e  a c t s  
t o  compress th e  s e a l s .  To p r e v e n t  o v e r - c o m p re s s io n  a t  h i g h e r  
p r e s s u r e s  th e  s e a l i n g  r i n g  s l e e v e s  a r e  a r r a n g e d  so t h a t  th e y  b u t t  
a g a i n s t  th e  end p l a t e s  b e f o r e  o v e r - c o m p re s s io n  o f  t h e  neoprene  can 
o c c u r .  As an a i d  to  a c h i e v i n g  th e  design,  a im s ,  th e  neoprene  s e a l s  
and tube  i n n e r  v/all a r e  smeared w i th  g r e a s e  t o  f a c i l i t a t e  th e  
s l i p p i n g  o f  th e  neo p ren e  r u b b e r  over  th e  smooth PVC l i n i n g .  The 
h ig h  d e g re e  o f  s u r f a c e  f i n i s h  im p a r ted  to  th e  PVC l a y e r  o f  th e  
mandre l  i s  b e n e f i c i a l  i n  t h i s  c o n t e x t .
To e n a b le  a c c u r a t e  c o n t r o l  and r e c o r d i n g  o f  th e  a i r  p r e s s u r e  
w i t h i n  th e  tube  u nde r  t e s t ,  a p r e s s u r e  c o n t r o l  sys tem v/as d e v i s e d  
whereby t h e  tube  i n t e r n a l  p r e s s u r e  might be i n c r e a s e d  by sm al l  
c o n t r o l l e d  amounts .  Tiiis  was a ch iev ed  by u s i n g  a c a r t  o f  the
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p r e s s u r e  l i n e  w i t h i n  th e  c o n t r o l  sys tem i t s e l f  a s  a smal l  
p r e s s u r e  r e s e r v o i r .  The a c t u a l  c o n t r o l  system i s  sho\;n i n  b lock  
form below.
S us'^ e-rm. JE n /a 4"
re^-su-re
en voi r- 
&aa<^ e
Fi 7TC CoTi'f'rol
V a /ve
T^essut'-e
^e^a/of'in j Va/ve
Jl-ntei' S'l'oL 
V a /v e
*Pne5£unc
Vo/ve
-
Pressure Control System
The system i n l e t  p r e s s u r e  i s  c o n t r o l l e d . b y  th e  p r e s s u r e  
r e g u l a t i n g  v a l v e  which has  a v a r i a b l e  o u t l e t  p r e s s u r e  c a p a b i l i t y  
o f  $00 -  2 0 0 0 p s i .  ■ The p o r t i o n  o f  the  l i n e  between th e  i n l e t
s t o p  v a l v e  and th e  f i n e  c o n t r o l  v a lv e  i s  u sed  a s  th e  r e s e r v o i r  
f o r  t h e  t u b e ,  and t h e  r e s e r v o i r  p r e s s u r e  and tu b e  t e s t  p r e s s u r e  
a r e  measured on i d e n t i c a l  l a r g e  s c a l e  g auges .  These have been 
c a l i b r a t e d  as  t e s t  gauges  a c c u r a t e  t o  -  f u l l  s c a l e  ( l 2 . $ p s i . )  
and a r e  p r o t e c t e d  from e x ce s s  p r e s s u r e  by c u t o u t  v a l v e s .
Dur ing  t e s t i n g ,  t h e  i n l e t  s to p  v a lv e  i s  opened and a i r  i s  
a d m i t t e d  t o  t h e  r e s e r v o i r .  This  v a lv e  i s  t h e n  c l o s e d  and th e  
f i n e  c o n t r o l  v a lv e  opened whereupon p r e s s u r e  i s  s lo w ly  a d m i t t e d
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t o  th e  tu b e  u n t i l  e i t h e r  th e  tu b e  r e a c h e s  t h e  d e s i r e d  t e s t  
p r e s s u r e  o r  t h e  p r e s s u r e  on e i t h e r  s id e  o f  th e  v a lv e  e q u a l i s e s ,  
when th e  v a l v e  i s  c lo s e d  and th e  i n l e t  s t o p  va.lve opened once
more t o  r e p e a t  t h e  p r o c e s s .  By t h i s  means, th e  t e s t  p r e s s u r e
w i t h i n  th e  tube  can be in c re m en ted  by smad.l a c c u r a t e l y  c o n t r o l l e d  
amounts ,  A n o r m a l ly  c l o s e d  s to p  v a l v e  i s  i n c l u d e d  i n  t h e  tube  
t e s t  l i n e  t o  a c t  a s  a p r e s s u r e  r e l i e f  v a l v e .  To m in im ise  th e  
e ne rgy  a v a i l a b l e  s h o u ld  a s e a l  f a i l  o r  a tu b e  b u r s t  d u r in g  
t e s t i n g ,  a  hardwood co re  i s  i n s e r t e d  w i t h i n  th e  t u b e .  [T h is  can
be seen  i n  th e  f o r e f r o n t  o f  F ig u r e  1$] .
I n  o r d e r  t o  d e te r m in e  th e  Young 's  Modulus t r a n s v e r s e  t o  the  
f i b r e s  and th e  minor P o i s s o n ' s r a t i o  t h e  c i r c u m f e r e n t i a l
wound tu b e  r e q u i r e s  to  be s u b j e c t e d  to  t e n s i l e  o r  com press ive  
a x i a l  l o a d i n g .  D ur ing  th e  d e s i g n  o f  t h e  r i g  j u s t  d e s c r i b e d ,  
c o n s i d e r a t i o n  was a l s o  g iv e n  to  th e  p o s s i b i l i t y  o f  u s i n g  th e  r i g  
f o r  com press ive  a x i a l  l o a d i n g  t e s t s .
The f l a n g e  f a c e s  o f  th e  end p l a t e s  were machined f l a t  and 
p e r p e n d i c u l a r  t o  th e  ax ia . l  c e n t r e l i n e  o f  t h e  r i g  so  t h a t ,  w i th  
t h e  f o u r  t i e  r o d s  removed, f a c e  t o  f a c e  c o n t a c t  i s  a ch ie v e d  w i th  
th e  ends o f  t h e  t u b e ,  squa.re-formed by th e  r i n g s  mounted on th e  
mandre l  d u r i n g  w in d in g ( F ig u r e  4")«
Compression  p l a t e n s  f o r  th e  ends were made a t  th e  same t im e .  
One p l a t e n  i s  p ro v id e d  w i t h  a s p h e r i c a l  r e c e s s  t o  p e r m i t  compres­
s i v e  l o a d i n g  t o  be a p p l i e d  th rough  a s t e e l  b a l l  a.t an a c c u r a t e l y  
d e f i n e d  c e n t r e  p o i n t .  The o t h e r  p r o t e c t s  the  p r e s s u r e  i n l e t  
t a p p i n g  p o i n t  from th e  com press ive  l o a d i n g  and th u s  p r o v id e s  the
96
a b i l i t y  to  c a r r y  o u t  com press ion  t e s t i n g  o f  f i l a m e n t  wound tu b e s  
on th e  r i g  w i th  th e  s t a b i J . i s i n g  e f f e c t  of  i n t e r n a l  p r e s s u r e ,  shou ld  
t h i s  be r e q u i r e d .  However i n  the  case  o f  th e  d e t e r m i n a t i o n  o f  the  
m o d u l i i ,  i n t e r n a l  p r e s s u r e  i s  n o t  r e q u i r e d  d u r i n g  th e  a p p l i c a t i o n  of  
com press ive  l o a d i n g .
I n  o r d e r  to  d e te rm in e  the  Young's Modulus and P o i s s o n ' s 
r a t i o  v a l u e s  u n d e r  t e n s i l e  l o a d i n g  and t o  d e te rm in e  th e  v a l u e  of  
t h e  S h ea r  Modulus by th e  a p p l i c a t i o n  o f  t o r s i o n ,  p r o v i s i o n  o f  a 
means o f  c lamping th e  end of  th e  tube on to  th e  end a s s e m b l i e s  would 
be r e q u i r e d .  While t h e  r i g  has  p r i m a r i l y  been  d e s ig n e d  w i th  the  
two l o a d i n g  c o n d i t i o n s  d e t a i l e d  above i n  mind, a d a p t a t i o n  o f  th e  
r i g  t o  t h e  t e n s i l e  and t o r s i o n  l o a d i n g  c o n d i t i o n s  cou ld  be e f f e c t e d  
f a i r l y  r e a d i l y  w i th o u t  m a jo r  m o d i f i c a t i o n .
Ilibe E x p e r im en ta l  T e s t s .
Three  hoop wound tu b e s  22" lo n g  and 4" i n t e r n a l  d i a m e te r  have 
been  made on th e  machine to  o b t a i n  th e  measurement o f  the  l o n g i t u d i n a l  
modulus and m ajo r  P o i s s o n ' s r a t i o  o f  th e  m a t e r i a l .  R e s i s t a n c e  
w ire  was i n c o r p o r a t e d  i n t o  s e v e r a l  w ind ings  o f  the  second and t h i r d  
t u b e s .  U n f o r t u n a t e l y  a l l  w i r e s  i n  th e  second tube  were damaged 
p r i o r  t o  t e s t i n g .  However,  i n  the  t h i r d  t u b e ,  c o n s i s t i n g  o f  10 
hoop l a y e r s , w i r e s  wound i n t o  l a y e r s  8 and 10 were s u c c e s s f u l l y  i n c o r ­
p o r a t e d .  A l l  t h r e e  tubes  had one a x i a l l y  p o s i t i o n e d  and one 
c i i ' c u m f e r e n t i a l l y  p l a c e d  epoxy backed f o i l  s t r a i n  gauges  (oOmm. 
long)  mounted on th e  tube  e x t e r i o r  a t  mid l e n g t h .  S e v e r a l  windings  
o f  w i re  a t  d i f f e r e n t  l e v e l s  o f  the  w a l l  t h i c k n e s s  a r e  s ee n  i n  the  
ne ighbourhood  o f  th e  s u r f a c e  s t r a i n  gauge i n  F i g u r e  19.
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At th e  t ime of w ind ing ,  r e s i n  t e n s i l e  t e s t  specimens  were 
made from th e  r e s i n  mixes employed i n  t h e  f i r s t  two tu b e s  and 
in s t r u m e n t e d  w i th  f o i l  gauges  to  d e te rm in e  the  e l a s t i c  modulus 
v a l u e s  o f  th e  r e s i n  w h i le  a b lo c k  c a s t  from th e  r e s i n  mix f o r  the  
t h i r d  tu b e  was u sed  to  determi.ne th e  d e n s i t y  o f  t h e  r e s i n ,  b o th  o f  
which v a l u e s  a r e  r e q u i r e d  i n  th e  a n a l y s i s  o f  t h e  t u b e s .
i n _ t  e_sjt R es in  u sed  was an A ra l  d i t e  MY 750 epoxy
r e s i n  sys tem fo r m u la t e d  by CIBA L t d . ,  f o r  web w ind ing  a p p l i c a t i o n s .  
The r e s i n  mix u sed  i n  a l l  t h r e e  tu b e s  t e s t e d  c o n t a i n e d  p r o p o r t i o n s  
of  p l a s t i c i s e r  and a c c e l e r a t o r  which were 15% and 3% of  t h e  r e s i n  
w e igh t  r e s p e c t i v e l y .
Prom th e  measured d im ens ions  and w e ig h t  o f  the  b lo c k  of  r e s i n  
c a s t  from the  mix f o r  Tube 3, the  d e n s i t y  o f  th e  r e s i n  sys tem was 
d e te r m in e d  as  0 ,0436  l b / c u . i n .
T e n s i l e  t e s t i n g  v/as c a r r i e d  out on two specimens  o f  nominal
1 " s "-A .  X c r o s s  s e c t i o n ,  w h o s e  a c t u a l  d i m e n s i o n s  w e r e  m e a s u r e d  i n
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the  c o u rse  o f  the  t e s t .  M in ia tu r e  f o i l  s t r a i n  gauges  were a f f i x e d  
on o p p o s i t e  s i d e s  o f  t h e  specimens  a l o n g  and p e r p e n d i c u l a r  to  the  
l i n e  o f  a c t i o n  o f  t h e  a p p l i e d  t e n s i l e  f o r c e  and s t r a i n  measurements 
were made w h i l e  the  specimens  were t e n s i o n e d  i n  a  H o u n s f i e ld  
Tensom eter ,  From t h e s e  measurements ,  Young 's  Modulus and th e  
P o i s s o n ' s r a t i o  f o r  th e  r e s i n  was c a l c u l a t e d .
From th e  two e x p e r im e n t a l  o b s e r v a t i o n s ,  
mean v a l u e  o f  Young 's  Modulus,  = 0 ,462  x 10^ I b / i n ^
mean v a lu e  o f  P o i s s o n ' s r a t i o ,  = 0 .3 4 3 .
From t h e s e  v a l u e s ,  th e  s h e a r  modulus 0 .1 7 2 3  x. 10^ l b / i n .
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b) Tube t e s t s .  The tubes  wore i n t e r n a l l y  D r e s s u r i s e d  i n  the  
t e s t  r i g  d e s c r i b e d  e a r l i e r  and the measurements  o f  change o f  r e s i s t ­
ance  r e c o r d e d  f o r  th e  w ire  ctrcswi.ts end s t r a i n  gouges  e s  a v a i l a b l e .
The o v e r a l l  t e s t  s e t - u p  i s  seen  i n  F ig u r e  20,  The gauges  were 
i n i t i a l l y  b a lan c e d  by u s i n g  dunmy gauges .  The r e s i s t a n c e  wire  
c i r c u i t s  i n  tube number 3 v/ere b a la n c e d  u s i n g  w ire  wound v a r i a b l e  
r e s i s t o r s  as  employed e a r l i e r  d u r in g  th e  d e t e r m i n a t i o n  o f  the  w i re  
gauge f a c t o r  v a l u e .  The FVC l a y e r  on th e  i n n e r  f a c e  o f  th e  tube 
was found to  e f f e c t i v e l y  s e a l  the  tube  a g a i n s t  p r e s s u r e  l o s s  due to  
seepage  d u r i n g  t e s t i n g .  In  the  a n a l y s i s  o f  th e  t u b e s ,  t l i i s  t h i n  
s k i n  o f  PTC was assumed to  a c t  o n ly  a s  a p r e s s u r e  l i n e r  and to  have 
n e g l i g i b l e  s t r u c t u r a l  s t r e n g t h .
The f o l l o w i n g  a n a l y s i s  was made f o r  each tube  to  compare the  
e x p e r i m e n t a l  d a t a  w i th  t h e o r e t i c a l l y  p r e d i c t e d  v a l u e s .
As the  tu b e s  c o n s i s t  o f  hoop w ind ings  o n ly ,  t h e  t h e o r e t i c a l  
d e t e r m i n a t i o n  o f  th e  e l a s t i c  c o n s t a n t s  may be per fo rm ed  f o r  a 
u n i d i r e c t i o n a l  l a y e r  c o n f i g u r a t i o n ,  and the  v a lu e s  o f  tiie l o n g i t u d i n a l  
modulus th e  t r a n s v e r s e  modulus E^ p and th e  P o i s s o n ' s r a t i o s  
and de te rm in ed  by th e  u se  o f  e q u a t i o n s  2 .8  t o  2 .1 1  where the  
volume f r a c t i o n s  o f  th e  c o n s t i t u e n t s  and t h e i r  e l a s t i c  p r o p e r t i e s  
a r e  known.
I f  V, E, V a r e  th e  volume f r a c t i o n ,  Young 's  Modulus and P o i s s o n  
r a t i o  and s u b s c r i p t s  f  and m r e f e r  to  t h e  gda.ss f i b r e  and r e s i n  
r e s p e c t i v e l y ,  from C h ap te r  2,
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î;„  = 2 ■ ,  ,  i n  - M h -  -  V d - y ).^■-''m-hf -  v ^ )V fJ[( i-c )  l a r — y y -
-I- C h  ^  h i  h  L  h ]  d  - n  )y r  + G p  + 2(K^ - r x p T i  - u p  - ( 2 .9 )
vfhere K, G a r e  d e f i n e d  i n  terms of  E and  v and C i s  th e  c o n t i g u i t y  
f a c t o r  assumed t o  be e q u a l  to  0 . 2 ,  a s  i s  cus tom ary .  E x per im en ta l  
d e t e r m i n a t i o n  o f  C would r e q u i r e  photomicrogi ' 'aphic  s tu d y  o f  sample 
coupons cu t  from th e  t u b e s ,  which was n o t  p o s s i b ] e  a t  t h i s  s t a g e .
"t l  = n  n  + u  u  ^2.10)
U t ” U l ‘ j P  (2 .1 1 )
L
The e q u a t i o n  O ^ (1  + 8 ^) ( S . l )
r e l a t e s  th e  s t r a i n  and s t r e s s  induced  by th e  i n t e r n a l  p r e s s u r e
a p p l i e d  t o  th e  tu b e  where ' p ' i s  th e  p r e s s u r e ,  ’r ’ t h e  i n t e r n a l
r a d i u s  and ' t '  t h e  mean w a l l  t h i c l o i e s s .  The te rm  ( l  4- 8  ^) a cc o u n t s
f o r  th e  i n c r e a s e  i n  t e n s i l e  lo a d  c a r r i e d  by th e  c y l i n d e r  w a l l  due to
th e  i n c r e a s e  i n  c y l i n d e r  s i z e  un d e r  l o a d .  Hence the  c i r c u m f e r e n t i a l
s t r a i n  i n  th e  tu b e  may be de te rm ined  as  
p r /
®L “ T T U p y t Ë p  (5 .2 )
and knowing t h e  gauge f a c t o r  o f  th e  gauges employed, a  v a lu e  o f  
^  may be o b t a i n e d  f o r  t h i s  s t r a i n  to  compare d i r e c t l y  w i th  the  
v a lu e  r e c o r d e d .
I f  th e  tu b e  r e c e i v e d  ze ro  l o n g i t u d i n a l  component o f  f o r c e  v;hen 
t e s t e d  u n d e r  i n t e r n a l  p r e s s u r e  lo ad  i n  th e  t e s t  r i g  d e s ig n e d ,  then
lOO
0 ^ = 0 and from e q u a t i o n  2 ,7 ,  the  s t r a i n  component
8^ .  -  / A -  ( 5 .3 )
L
and once a g a i n ,  knowing th e  gauge f a c t o r ,  i t  i s  u o s s i h l e  to
ARo b t a i n  a v a lu e  o f  ~  f o r  d i . rec t  comparison w i th  t h a t  measured by
th e  a x i a l l y  p o s i t i o n e d  gauge on the  t u b e ,
.The e x p e r im e n t a l  v a l u e s  of  and v^ pf may be c a l c u l a t e d  from
t h e  o b s e r v a t i o n s  ( ^ )  and (4y) of  th e  c i r c u m f e r e n t i a l  and a x i a l l yR c  ^R a ^
p l a c e d  s t r a i n  g a u g e s , as
_ p r  ^ _ 1 /AR\
" t ' ' , a i e r e c ^  _
■ t   ^ (AR/R)^  ^ ^
®T . ^ 1 ,AR\Vrnr — n u m o r i c a l l y ,  where 8 =TL e ^ ’ Ï  G.E,  ^H ^a
(AR/il)
' ' t v  ' y i g R ) “
(5 .5 )
The r e s u l t s  have been  c a l c u l a t e d  f o r  an  i n c r e m e n t a l  p r e s s u r e
lo a d  p of  300 p s i  f o r  a l l  t h r e e  t u b e s .
T e n s i l e  m o d u lu s : -  g l a s s  f i b r e  E^ = 1 0 ,5  x l O ^ l b / i n ^ ;
r e s i n  E 0 ,462 x lO ^ lb / in ^ ' .m '
P o i s s o n ' s  r a t i o :  -  g l a s s  f i b r e  = 0 ,2 3 ;
r e s i n  v = 0 .3 4 3 .m
Tu_be__l^ A s i n g l e  p r e s s u r e  t e s t  to  a  maximum p r e s s u r e  o f  400 p s i ,
was c a r r i e d  ou t  on t h i s  t u b e .  A g raph  o f  th e  o b s e r v a t i o n s  from
th e  two s u r f a c e  f o i l  s t r a i n  gauges i s  p l o t t e d  i n  F i g u r e  21,
Radius  r  = 2 .0 "
Mean w a l l  t h i c k n e s s  ( i n c l u d i n g  a FVC l a y e r  0 ,0 0 2 "  t h i c k j  = 0 .115"  
o*. mean composi te  w a l l  t h i c k n e s s  = Oo 113"
lOI
Volume f r a c t i o n ; -  g l a s s  f i b r e  = 66.33%; r e s i n  = 33,66% 
F or  t h i s  t u b e ,  th e  f o l l o w i n g  c a l c u l a t e d  v a l u e s  may bo obfcainecL
From e q u a t i o n ( 2 . 8 ) - 7 .12  X lO G lb / in ^ .
11 II ( 2 .9 ) - 2 .06  X 10Gib/in%.
It 11 (2 . 10 ) ' 'tl = 0 .2680
It It (2 . 11 ) '^lt = 0,0552
F or  a p r e s s u r e lo a d o f  p = 300 p s i  from e q u a t i o n s
th e  t h e o r e t i c a l l y  p r e d i c t e d  v a lu e  o f  l o n g i t u d i n a l  s t r a i n  8 andIf
t r a n s v e r s e  s t r a i n  8 ^ a r e
8  ^ = 7 ,46  X 10“ ^^
8^, = 2 .00  X 1 0 " 4  
and h en ce ,  knowing t h e  gauge f a c t o r  to  be 2 . 2 5 ,  the  f o l l o w i n g  
p r e d i c t e d  v a l u e s  o f  gauge r e a d i n g  a r e  o b t a i n e d  f o r  t h e  c i r c u m f e r ­
e n t i a l  and a x i a l  gauges  r e s p e c t i v e l y
(-~Vq “ 0 .1679
(~fS)  = 0 .0450 ^ R '^ a
From th e  e x p e r im e n t a l  o b s e r v a t i o n s ,  mean = 0 .1743
mean = 0 .0289
which a r e  104% and 64.2% r e s p e c t i v e l y  o f  th e  p r e d i c t e d  v a l u e s  and 
h e n c e ,  from e q u a t i o n s  (5 .4 )  and (5 ,5 )  r e s p e c t i v e l y ,  th e  l o n g i t u d i n a l  
modulus = 6 ,859  x l O ^ l b / i n ^  and = 0*166
^be__2,_ Three p r e s s u r e  t e s t s  were pe r fo rm ed  on t h i s  t u b e ,  two 
to  a  maximum a p p l i e d  p r e s s u r e  o f  400 p s i  and the  t h i r d  to  a 
maximum of  900 p s i .  Graphs o f  th e  o b se rv ed  r e a d i n g s  from th e  two 
s u r f a c e  f o i l  s t r a i n  gauges  a r e  p l o t t e d  i n  F i g u r e s  22 and 2 3,
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Radius  r  = 2 ,0 "
Mean w a l l  t h i c k n e s s  ( i n c l u d i n g  a FvC l a y e r  0 ,003"  t h i c k )  = 0 .1 2 1 "
. .  Mean composi te  w a l l  t h i c k n e s s  t  r: 0 ,1 1 8 "
Volume f r a c t i o n s : -  g l a s s  f i b r e  -  58,62%; r e s i n  = 41.35%
r e s i s t a n c e  w ire  v = 0,024%,w
F or  t h i s  t u b e ,  th e  f o l l o w i n g  c a l c u l a t e d  v a l u e s  may be o b t a i n e d .
From e q u a t i o n  ( 2 ,8 )  = 6 .35  x l O ^ l b / i n ^ .
" " ( 2 .9 )  = 1 .677  X l O ^ l b / i r / .
" " (2 .1 0 )  = 0 ,2766
" " ( 2 .1 1 )  = 0 .0732
F or  a  p r e s s u r e  l o a d  o f  p = 300 p s i  from e q u a t i o n s  ( 5 ,2 )  and  (5 ,3 )  
th e  t h e o r e t i c a l l y  p r e d i c t e d  v a lu e  of l o n g i t u d i n a l  s t r a i n 8 , andli
t r a n s v e r s e  s t r a i n  8 ^ a r e
8 - 8 x 10” ^ _  , . ,, _ ,ii and hence loiowing th e  gauge f a c t o r
= 2 ,2 2  X 10” ^
and h en ce ,  knowing th e  gauge f a c t o r  to  be 2 ,2 5 ,  th e  f o l l o w i n g  
p r e d i c t e d  v a lu e s  o f  gauge r e a d i n g  a r e  o b t a i n e d  f o r  th e  c i r c u m f e r ­
e n t i a l  and a x i a l  gauges  r e s p e c t i v e l y ,
= 0 .1803  ,
From th e  e x p e r im e n t a l  o b s e r v a t i o n s ,  c l o s e  compar ison  was observed  
be tween th e  r e a d i n g s  o b t a i n e d  from th e  f i r s t  two t e s t s .
I n  t h i s  c a s e ,  mean ( ^ % ) ^  -  0 .1916
mean ( ^ % )  -  0o0274
v/hich a r e  106.2% and 54.9% r e s p e c t i v e l y  o f  th e  p r e d i c t e d  v a l u e s
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and hence  from e q u a t i o n s  (5,4-) and ( 5 ,5 )  r e s p e c t i v e l y ,  th e
l o n g i t u d i n a l  modulus E -  5 ,976 x 1 0 ® lb / in "  and y^ nr -  0.14.5.
L  X  Jj
However, on the  t h i r d  ru n ,  the  mean v a l u e s  from b o th  gauges  were 
d i f f e r e n t  from th e  two p r e v io u s  r u n s .
Mean ( ^ % ) ^  = 0 ,1 8 4 5  v/hic'n i s  102,5% of  th e  p r e d i c t e d  v a lue  
and hence  from e q u a t i o n  ( 5 . 4 ) ,  the  l o n g i t u d i n a l  modulus 
Ej  ^ = 6 ,206  X lO ^ lb / in ^ ' .
The p r e v i o u s l y  n o t i c e d  tendency  o f  the  g raph  o f  the  
r e a d i n g s  from t h e  a x i a l  gauge to  e x h i b i t  a change o f  s lo p e  was 
v e r y  marked i n  t h i s  c a se  and two d i s t i n c t  s l o p e s  were o b t a i n e d ,  
a s  s e e n  i n  F ig u r e  23,  f o r  the  two r a n g e s  o f  p r e s s u r e ,  p <  400 p s i  
and p ^  400 p s i ,
Below 400 p s i ,  mean (“y ‘%) = 0 ,0260
Above 400 p s i ,  mean ( ^ % ) ^  = 0 ,0410
v/hich a r e  52.0% and 82,0% r e s p e c t i v e l y  o f  th e  p r e d i c t e d  v a l u e s ,  
and hence  from e q u a t i o n  (5 ,5 )  y^ ,^^  = 0 ,1 4 1  or  0 ,222  r e s p e c t i v e l y
f o r  th e  two c a s e s ,
^ube_5.__ Three  p r e s s u r e  t e s t s  i n  th e  ran g e  o f  p r e s s u r e  up to  a
maximum o f  360 p s i ,  were c a r r i e d  ou t  on t h i s  tube  i n  vdiich were
i n c o r p o r a t e d  two w ind ings  of  r e s i s t a n c e  w ire  a s  w e l l  as th e  
s u r f a c e  f o i l  gau g es .  Graphs of  th e  o b se rv ed  r e a d i n g s  from the  
w i re  and s u r f a c e  gauges  a r e  p l o t t e d  i n  F ig u r e  24.
Radius  r  -  2 .0 "
T o t a l  w a l l  t h i c k n e s s  ( i n c l u d i n g  FVC l a y e r  0 .0042"  t h i c k )  = 0 .0514"  
Mean composi te  w a l l  t h i c k n e s s  t  = 0o0472"
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Volume f r a c t i o n ; -  g l a s s  f i b r e  -  5 8 . 4%; r e s i n  41,55/0
r e s i s t a n c e  w ire  v 0 . 0468/ 9.w
For t h i s  t u b e ,  t h e  f o l l o w i n g  c a l c u l a t e d  v a l u e s  may be o b t a i n e d .
From e q u a t i o n  ( 2 , 8 )  F^ = 6 ,$$$ x 1q6
" " (2 .9)  q ,  « 1.668  X 10^
(2 . 10 ) .  0.277
" " (2 . 11 ) " 0.0738
For  a  p r e s s u r e  l o a d  o f  p = $00 p s i ,  from e q u a t i o n s  ( $ . 2 ) and ( $ , $ ) ,  
t h e  t h e o r e t i c a l l y  p r e d i c t e d  v a lu e  o f  l o n g i t u d i n a l  s t r a i n  andIj
t r a n s v e r s e  s t r a i n  a r e
S _ = 20 ,11  X 10‘"^jj
e = 5.57  X 10"^ '
and h en ce ,  knowing th e  gauge f a c t o r  t o  be 2 , 2$, th e  f o l l o w i n g  
p r e d i c t e d  v a l u e s  o f  gauge r e a d i n g  a r e  o b t a in e d  f o r  th e  c i r c u m f e r e n t i a l  
and a x i a l  f o i l  gauges  r e s p e c t i v e l y ,
i^ /o )  = 0 .4525
c
I n  a d d i t i o n , . t h e  p r e d i c t e d  v a lu e  o f  gauge r e a d i n g  f o r  th e  w ire  
w ind ings  u s i n g  th e  p r e v i o u s l y  d e te rm in e d  v a lu e  o f  gauge f a c t o r
2 . 14$ i s
( M / )  = 0 .43-13
W
From t h e  e x p e r im e n t a l  o b s e r v a t i o n s ,  a l l  th ree  t e s t s  showed c l o s e  
ag reement  be tween th e  o b s e r v a t i o n s .  C o n s id e r i n g  th e  f o i l  s t r a i n  
gauges  f i r s t ,  the  c i r c u m f e r e n t i a l  gauge e x h i b i t e d  a marked non­
l i n e a r  r e s p o n se  i n i t i a l l y .  The mean ( - ^ 4 )^ ~ 0 ,$69$ which i s
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o n ly  81.6% o f  t h a t  p r e d i c c e d .  Even i f  the  e f f e c t  o f  the  non ­
l i n e a r  p o r t i o n  i s  e l i m i n a t e d  hy c a l c u l a t i o n  o f  th e  e q u i v a l e n t  
r e a d i n g  from c o n s i d e r a t i o n  o f  the  s lo p e  o f  th e  l i n e a r  p o r t i o n  
o f  th e  g r a p h , t h e  v a J . U G  o b t a i n e d ,  = 0.4-148, i s  c t i l l  o n ly
9 1 . 6% o f  t h a t  p r e d i c t e d .  The a x i a l  f o i l  gauge gave r i s e  t o  a 
mean v a l u e  f o r  ~ 0 .1 2 1 0 ,  which i s  96-5% o f  t h e  v a lu e
p r e d i c t e d .
The c i r c u m f e r e n t i a l  w i r e  w ind ings  wound i n t o  th e  tube  a lo n g  
w i t h  t h e  r o v i n g  band i n d i c a t e d  no such n o n - l i n e a r  r e s p o n s e  however 
and t h e  mean v a lu e  o b t a i n e d  from t h e s e  o b s e r v a t i o n s  vns
(”  %) -  0 . 455$ which i s  105% of  t h e  v a lu e  p r e d i c t e d .K V
Hence,  from e q u a t i o n s  ( $ . 4 ) and (5 . 5 ) we may c a l c u l a t e  th e  
l o n g i t u d i n a l  modulus and P o i s s o n ' s r a t i o  t o  be (where f o r
com par ison  t h e  v a l u e s  o b t a i n e d  u s i n g  th e  e q u i v a l e n t  v a lu e  o f  
a r e  g iv e n  i n  p a r e n t h e s e s )  as
c
\  = 7 .745  X l O ^ l b / i n ^  ( 6 .9 0  X l O ^ l b / i n ^ )
and = 0 .328  (0 .292 )
The l o n g i t u d i n a l  modulus a c c o r d i n g  to  th e  w i re  w ind ings  may
b e  c a l c u l a t e d  from equad ion  ( 5 * 4 )  as  E^ = 6 . 0 2 7  x l O ^ l b / i n ^ .
A c o m p i l a t i o n  of  t h e  r e s u l t s  f o r  a l l  t h r e e  tu b e s  h a s  been
made i n  Table  I I .
D i s c u s s i o n
The measurements  made by the  s u r f a c e  gauges  mounted on tubes
1 and 2 e x h i b i t e d  s i m i l a r  c h a r a c t e r i s t i c s  and w i l l  be d i s c u s s e d
f i r s t .
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A ' b a s i c a l l y  l i n e a r  r e s p o n se  was o b ta in e d  from th e  c i r c u m f e r e n t i a l  
gauges  t h ro u g h o u t  t h e  r a n g e s  o f  t e s t i n g  and th e  v a l u e s  observed  
e x p e r i m e n t a l l y  were i n  a l l  t e s t s  l e s s  than  7/  ^ d i f f e r e n t  from th o s e  
p r e d i c t e d .  The v a l u e s  observed  were l a r g e r  t h a n  p r e d i c t e d  i n d i c a t ­
i n g  a lower  s t i f f n e s s  f o r  th e  m a t e r i a l  b u t  from th e  n a t u r e  o f  th e  
m a t e r i a l ,  th e  s t r a i n  measured by a s u r f a c e  gauge can on ly  r e p r e s e n t  
th e  r e s u l t a n t  s t r a i n  i n  th e  b i n d e r  where th e  gauge i s  p l a c e d  and so 
th e  d i f f e r e n c e  between th e  observed  and p r e d i c t e d  v a lu e s  cou ld  
r e a s o n a b l y  be e x p ec te d  to  i n d i c a t e  a lower  m a t e r i a l  s t i f f n e s s »  This  
i s  c o r r o b o r a t e d  by th e  r e s u l t s  from tu b e s  1 and 2 , where t h e  v a l u e s  
measured on tu b e  2 f o r  th e  f i r s t  two t e s t s  pe r fo rm ed  t h e r e o n  gave 
c o n s i s t e n t  r e s u l t s  w i th  a d i f f e r e n c e  from p r e d i c t e d  v a l u e s  2;b 
g r e a t e r  th a n  f o r  tube  1.  The w a l l  th ic lcness  o f  t h e s e  tu b e s  a r e  o f  
th e  same o r d e r  b u t  tube  2 has  a lower  g l a s s  c o n t e n t  and a much 
t h i c k e r  r e s i n - r i c h  s u r f a c e  l a y e r  onto  which th e  gauge was bonded.
I t  i s  n o te w o r th y  t h a t  v e r y  good agreement  o b t a i n e d  between measured 
and p r e d i c t e d  v a l u e s  o f  s t r a i n  f o r  tube  2 i n  t h e  t h i r d  t e s t  when 
q u i t e  lo n g  s u r f a c e  c r a c k s  i n  the  a x i a l  d i r e c t i o n  were v i s i b l e  i n  
t h i s  r e s i n  o u t e r  l a y e r  i n  t lie v i c i n i t y  o f  th e  c i r c u m f e r e n t i a l  gauge 
and i t  i s  p o s s i b l e  t h a t  t h e s e  c r a c k s  were p e r m i t t i n g  th e  r e i n f o r c e m e n t  
t o  be more e f f i c i e n t  i n  r e s i s t i n g  t h e  i n t e r n a l  p r e s s u r e  induced  hoop 
s t r e s s e s .
The o b s e r v a t i o n s  o b t a in e d  from th e  l o n g i t u d i n a l l y  p o s i t i o n e d  
gauges  f o r  tu b e s  1 and 2 were however’ i n  v e ry  p o o r  ag reement  (o f  the
te n d en c y  t o  change s lo p e  was ex>i ib i ted  by th e  p l o t s  o f  t h e s e  v a l u e s
o r d e r  o f  50 -  lOÿo) w i t h  t h e  p r e d i c t e d  v a l u e s  o f  ( — . A
a
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a g a i n s t  a p p l i e d  p r e s s u r e ,  and i n  th e  t h i r d  t e s t  on tube  2, where 
th e  p r e s s u r e  was i n c r e a s e d  above th e  r e g i o n  of  /|00 p s i ,  a t  whicli 
a l l  o t h e r  t e s t s  were t e r m i n a t e d ,  two d i s t i n c t  e lo p e s  were a p p a r e n t .  
Th is  g ra p h  h as  been r e - p l o t t e d  i n  F ig u r e  25 w i th  an e n l a r g e d  s c a l e  
f o r  change o f  r e s i s t a n c e  - g - ^ t o  d e m o n s t ra t e  t h i s  more c l e a r l y .
Ho such  change o f  s l o p e  was a p p a r e n t  f o r  th e  c i r c u m f e r e n t i a l  gauge 
r e a d i n g s  d u r i n g  t h i s  t e s t .  llie l a c k  o f  agreement  be tween the  
p r e d i c t e d  and measured v a l u e s  f o r  th e  l o n g i t u d i n a l  gauges  and th e  
sudden change o f  s lo p e  a p p a r e n t  i n  F ig u r e  23 a t  p r e s s u r e s  o f  the  
o r d e r  o f  375 “ 400 p s i .  combine t o  i n d i c a t e  t h a t  th e  l o n g i t u d i n a l  
f o r c e  component o f  th e  i n t e r n a l  p r e s s u r e  l o a d i n g  i s  n o t  b e in g  
r e a c t e d  s o l e l y  by th e  t e s t  r i g  as  d e s i r e d  b u t  i s  b e i n g  t r a n s m i t t e d  
th r o u g h  th e  s e a l i n g  r i n g s  so t h a t  th e  tube  i s  a l s o  c a r r y i n g  a 
c e r t a i n  amount.
I t  i s  u n fo r tu n a . t e  t h a t  a l l  o t h e r  t e s t s  p e r fo rm ed  on tu b e s  1 
and 2 were a r b i t r a r i l y  t e r m i n a t e d  i n  th e  r e g i o n  o f  300 -  4OO p s i .  
i n t e r n a l  p r e s s u r e ,  which i s  t h e  r e g i o n  o f  t r a n s i t i o n  o f  s lo p e  i n  
t h e  h i g h  p r e s s u r e  t e s t  on tu b e  2, ( r u n  3 ) ,  so t h a t  comparable  
r e s u l t s  a r e  n o t  a v a i l a b l e . However th e  f o l l o w i n g  s tu d y  may be made.
V/here 8 ^  and 8 ^ a r e  t h e  com press ive  l o n g i t u d i n a l  and t e n s i l e
hoop s t r a i n s  in d u ced  i n  t h e  tube  by th e  i n t e r n a l  p r e s s u r e  i f  a hoop
component o f  f o r c e  o n ly  i s  b e i n g  a p p l i e d  t o  th e  tube  as  r e q u i r e d ,  
and 8^ i s  t h e  t e n s i l e  l o n g i t u d i n a l  s t r a i n  due t o  w h a tev e r  l o n g i t u d ­
i n a l  f o r c e  component a c t u a l l y  b e in g  a p p l i e d  t o  t h e  tu b e  by th e  t e s t
r i g ,  (and t r e a t i n g  as  s m a l l  th e  s t r a i n  induced  i n  t h e  hoop
d i r e c t i o n  by t h i s  l o n g i t u d i n a l  f o r c e  com ponen t ) , t h e n
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t h e o r e t i c a l  ( g. ) ^ = » g "
L *
,  S h  - s  - ( A R / R p ^
and th e  e x p e r i m e n t a l l y  d e r i v e d  ( j =  v    -  -rr-,T7r"T
T L ^ e  ( A h / k ; J
S fji
Hence,  £ = I ( ) + r—
P .
\Thich i n  te rm s  o f  o bse rved  v a l u e s  o f  ^  fa , 
r (AR/Efg -, r (AR/Rp ,^ -
= L" -  h - x P t  J  L ï ô o i p : ? : ) .
Now i f  we l e t  p* be th e  e q u i v a l e n t  i n t e r n a l  p r e s s u r e  t h a t  would 
induce  t h i s  amount o f  l o n g i b u d i n a l  f o r c e  component i n  the t u b e ,
6  may be e x p r e s s e d  as
G =X 2tE^,
2tEr^S^ p -|
and hence p* = — p   ^^TL^e I
where r , t , and ( t he r a d i u s  and mean composi te  w a l l  
t h i c k n e s s ,  t r a n s v e r s e  modulus and major  P o i s s o n ' s r a t i o  r e s p e c t i v e l y ,  
where E^ , and a r e  c a l c u l a t e d  as  b e fo re  from e q u a t i o n s  ( 2 ,9 )
and ( 2 , 10 ) .
These p r e s s u r e s  p '  were c a l c u l a t e d  f o r  t u b e s  1 and 2 and 
p l o t t e d  a g a i n s t  a p p l i e d  i n t e r n a l  p r e s s u r e  p i n  F i g u r e  25. I t  i s  
s een  t h a t ,  f o l l o w i n g  an  i n i t i a l  sh a rp  i n c r e a s e  i n  th e  p r e s s u r e  p '
no
as  th e  end s e a l s  a r e  compressed m anual ly  t o  e f f e c t  t h e  s e a l ,  the  
l o n g i t u d i n a l  f o r c e  s t e a d i l y  i n c r e a s e s  w i th  o n ly  an o c c a s i o n a l  
f l u c t u a t i o n  as  the- i n t e r n a l  p r e s s u r e  i s  I n c r e a s e d  up t o  the  r e g i o n  
o f  360 p s i .  The n e x t  in c re m en t  o f  p r e s s u r e  t o  zjO-0 p s i .  i s  
accompanied hy a s h a r p  check i n  th e  v a lu e  o f  p ' , and i t  i s  i n  t h i s  
r e g i o n  t h a t  th e  change o f  s lo p e  o ccu r s  i n  th e  p l o t  o f  t h e  r e s p o n s e  
o f  t h e  l o n g i t u d i n a l  gauge.  Th is  would i n d i c a t e  t h a t  i n  th e  r e g i o n  
o f  t h e s e  f l u c t u a t i o n s  and e s p e c i a l l y  a t  th e  in c re m e n t  o f  i n t e r n a l  
p r e s s u r e  from 3^0 to  4OO p s i . ,  a c e r t a i n  amount o f  s l i p  o f  the  
neop rene  r i n g s  over  th e  PVG s u r f a c e  h a s  o c c u r r e d .  D ur ing  th e  
r e m a in d e r  o f  t h e  t e s t ,  up t o  th e  maximum o f  ^00 p s i .  i n t e r n a l  
p r e s s u r e ,  a much lower r a t e  o f  i n c r e a s e  o f  e q u i v a l e n t  p r e s s u r e  p ' 
b e i n g  a p p l i e d  t o  t l ie tube  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  o b t a i n s , 
t o g e t h e r  w i th  s e v e r a l  more marked f l u c t u a t i o n s  i n  i t s  v a lu e  i n d i c a t ­
i n g  t h a t ,  a t  t h e s e  h i g h e r  p r e s s u r e  l e v e l s ,  s l i p  o f  tbie r i n g s  over 
t h e  PVG i s  o c c u r r i n g  more r e a d i l y .
From th e  f o r e g o i n g ,  i t  would a p p ea r  th e  t e s t  r i g  i s  f a i l i n g  t o  
e l i m i n a t e ,  by d e f o r m a t io n  o r  s l i p  o f  th e  n eop rene  s e a l i n g  r i n g s , 
t h e  l o n g i t u d i n a l  f o r c e  component i n  th e  tube due t o  t h e  i n t e r n a l  
p r e s s u r e  u n t i l  r e l a t i v e l y  h ig h  p r e s s u r e  l e v e l s  a r e  r e a c h e d  when a 
c e r t a i n  amount o f  s l i p  t a k e s  p l a c e .  ï l i i s  p a r t i a l l y  r e d u c e s  the  
in duced  f o r c e  component c a u s i n g  th e  -change i n  s lo p e  shovm i n  F ig u r e  
23 and t h e r e a f t e r  a s u f f i c i e n t  d eg ree  o f  s l i p  i s  o c c u r r i n g  to  
improve the  compar ison  be tween th e  e x p e r im e n t a l  and t h e o r e t i c a l  
v a l u e s  o f  P o i s s o n  r a t i o  by n e a r l y  O^yo .
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There a p p ea r  t o  be s e v e r a l  c o n t r i b u t o r y  f a c t o r s  to  t h i s
phenomenon. I n  t h e  d e s i g n  o f  th e  r i g ,  more t h a n  ad eq u a te
p r o v i s i o n  was made f o r  s e a l i n g  r i n g  com press ion  i n  a n t i c i p a t i o n  o f  
t h e  t u b e s  b e i n g  a p o o r e r  f i t  over  th e  end p lu g s  o f  th e  r i g  th a n  
h a s  a c t u a l l y  been  a c h i e v e d . The u se  o f  th e  M el inex  l a y e r  has  
made i t  p o s s i b l e  to  m an u fac tu re  tu b e s  t h a t  a r e  a t i g h t  s l i d i n g  f i t  
o v e r  t h e  uncompressed  r i n g s  and t h i s ,  t o g e t h e r  w i th  th e  h ig h  
s u r f a c e  f i n i s h  im p a r te d  by th e  Mel inex  t o  th e  tu b e  i n t e r i o r  shou ld  
be b e n e f i c i a l  t o  t h e  d e s i g n  aim o f  low c lam ping  p r e s s u r e s  a t  th e
s e a l i n g  r i n g s  o f  t h e  t e s t  r i g .  However, t h e  M el inex  ha s  i n  i t s
t u r n  caused a  s e a l i n g  p roblem.
I f  th e  M el inex  i s  n o t  wrapped s u f f i c i e n t l y  t i g h t l y  a round the  
m andre l  o r  i t s  edges  do n o t  b u t t  c l o s e l y  t o g e t h e r  b e f o r e  th e  PVC 
l i n i n g  i s  b ru sh e d  on to  i t s  s u r f a c e ,  un d e r  th e  c lam ping  a c t i o n  o f  
t h e  g l a s s  w in d in g s ,  a  w e l l - d e f i n e d  r i d g e  may be formed i n  th e  PVG 
l i n i n g .  S e a l i n g  o f  t h e  tu b e  a g a i n s t  p r e s s u r e  l e a k s  th e n  r e q u i r e s  
much g r e a t e r  com press ion  o f  th e  neoprene  r i n g s  t o  e l i m i n a t e  l e a k s  
i n  th e  r e g i o n  o f  t h i s  b le m ish  th a n  would be r e q u i r e d  o th e r w i s e .  
These r i d g e s  were p r e s e n t  on th e  i n s i d e  of  tu b e s  1 and 2 and p o s t ­
c u re  a c t i o n  to  e f f e c t  t h e i r  removal p roved o n ly  p a r t i a l l y  s u c c e s s ­
f u l  and so ,  th e  i n i t i a l  s e a l i n g  com press ion  m a n u a l ly  a p p l i e d  t o  the  
r i n g s  d u r i n g  th e  t e s t s  o f  t h e s e  tubes  was much h i g h e r  th a n  i s  
d e s i r a b l e .  Three r e g i o n s  where th e  r i n g s  had to  be compressed to  
e f f e c t  a s e a l  i n  t h i s  way a r e  c l e a r l y  v i s i b l e  i n  t h e  i n c r e a s e  i n  
v a l u e  o f  p ’ be tween 40 p s i  and 60 p s i ,  and I 60 -  180 p s i  f o r  tube  1 
and 80 -  100 p s i  f o r  tu b s  2 i n  F ig u r e  2 5 .
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On r e c o g n i t i o n  o f  t h i s  problem, a new Mel inex  l i n e r ,  c u t  
to  much c l o s e r  t o l e r a n c e s  was made f o r  th e  m a n u fa c tu re  o f  tube  3. 
This  e l i m i n a t e d  tiie r i d g e  to the  e x t e n t  t h a t  t h e  s i  1 n i t  l i n e s  l e f t  
on th e  PVG s u r f a c e  by t lie s e l f - a d h e s i v e  t a p e  l o c a t i n g  th e  Mel inex , 
a r e  o f  th e  same o r d e r  o f  s i z e .  As w i l l  be n o t e d  p r e s e n t l y  i n  th e  
d i s c u s s i o n  o f  th e  r e s u l t s  from tube 3, t h e r e  was no s i g n  o f  a 
s i m i l a r  o c c u r r e n c e  to  t u b e s  1 and 2 i n  t h i s  c a s e ,  ' With t h e  r i d g e  
on the  i n s i d e  o f  th e  tu b e s  e l i m i n a t e d ,  i t  may be e x p ec te d  t h a t  l e s s  
com press ion  o f  t h e  r i n g s  w i l l  be r e q u i r e d  t o  e f f e c t  a s e a l  and t h a t  
th e  ran g e  o f  s e a l i n g  r i n g  com press ion  a v a i l a b l e  w i l l  now be 
e x c e s s i v e .
As a r e s u l t  o f  t h i s , i t  w i l l  be p r o b a b le  t h a t  th e  i n t e r n a l  
p r e s s u r e  lo a d  on th e  f a c e s  o f  t h e  r i n g  s l e e v e s  w i l l  f o r c e  the  
n eop rene  i n t o  c o n t a c t  w i t h  th e  tube  w a l l  w i t h  g r e a t e r  p r e s s u r e  
t h a n  r e q u i r e d  t o  m a i n t a i n  a  p r e s s u r e  s e a l .  This  w i l l  a g a in  red u ce  
t h e  p o s s i b i l i t y  o f  s l i p  b e in g  a b l e  to  o c cu r .  Th is  may be 
remedied  e a s i l y  by r e s t r i c t i o n ,  by means o f  p a c k in g  d i s c s , o f  t h e  
0 , 013" movement a v a i l a b l e  b e f o r e  th e  r i n g  s l e e v e  comes i n t o  c o n t a c t  
w i th  th e  f a c e  o f  th e  end p l a t e  i n  each end a ssem bly  o f  t h e  r i g ,  so 
t h a t  o n ly  s u f f i c i e n t  com press ion  o f  th e  n eop rene  t o  e f f e c t  a s e a l  
t h r o u g h o u t  th e  ran g e  o f  t e s t i n g  o c c u r s .
The im p o r tan c e  o f  c o n t r o l  o f  t h e  im p r e g n a t io n  and t e n s i o n i n g  
o f  th e  g l a s s  r e i n f o r c e m e n t  i n  th e  f i l a m e n t  w in d in g  p r o c e s s  i s  
c l e a r l y  d e m o n s t r a t e d  by tu b e s  1 and 2, where a l t h o u g h  t h e  number 
o f  l a y e r s  wound i s  l e s s ,  th e  w a l l  o f  tu b e  2 i s  i n  f a c t  t h i c k e r  th an
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t h a t  o f  tu b e  1 b ecause  o f  th e  ex ces s  r e s i n  p r e s e n t  i n  t h i s  t u b e .
Tube 2 on c u r i n g  p o s s e s s e d  a t h i c k  r e s i n  -  r i c h  l a y e r  over  i t s  
o u t e r  s u r f a c e .  Th is  was p a r t l y  squeezed  ou t  from w i t h i n  the 
wind ings  by th e  h i g h e r  t e n s i o n  l e v e l  employed i n  th e  winding o f  
t h i s  tube  and p a r t l y  was ex ces s  r e s i n ,  p i c k ed  up i n  the  im p r e g n a t io n  
b a th  by th e  r o v i n g ,  d u r in g  a t t e m p t s  to i n c o r p o r a t e  r e s i s t a n c e  w ire  
i n t o  th e  v / ind ings .  Prom th e  l e s s o n s  l e a r n t  from t h e s e  a t t e m p t s , 
a l t h o u g h  th e  same r e s i n  c o n t e n t  was u sed  i n  tube  3,  th e  i m p r e g n a t io n  
and t e n s i o n  were c o n t r o l l e d  more e f f i c i e n t l y  and  o n ly  the  norma,! 
t h i n  r e s i n  l a y e r  i s  p r e s e n t  on th e  s u r f a c e .
Tube 5 was the  on ly  tube  i n  which r e s i s t a n c e  w i re  v/as 
s u c c e s s f u l l y  i n c o r p o r a t e d  a l o n g  w i th  the  w in d in g s  f o r  use  a s  a  s t r a i n  
gauge.  The r e s p o n s e  o f  th e  w i r e  wound i n t o  th e  e i g h t h  and t e n t h  
l a y e r s  o f  t h i s  tube  was l i n e a r  th ro u g h o u t  the  range  o f  t e s t i n g  and 
the  c o n s i s t e n c y  o f  th e  r e s u l t s  a s  w e l l  a s  th e  l i n e a r i t y  from a l l  
t h r e e  t e s t s  can  be c l e a r l y  s ee n  from F ig u r e  24-, The measured 
s t r a i n s  a r e  i n  agreem ent  w i th  t h e  p r e d i c t e d  s t r a i n s  to  w i t h i n  5j7- 
th ro u g h o u t  th e  whole los id ing r a n g e .  A lthough  t h e  two c i r c u i t s  o f  
w i re  were \70und i n  d i f f e r e n t  l a y e r s ,  no c o n s i s t e n t  d i f f e r e n c e  i n  
re sp o n se  due to  p o s i t i o n  w i t h i n  th e  w a l l  was d e t e c t a b l e  f o r  t h i s  
t h i n  tube  b u t  f u r t h e r  i n v e s t i g a t i o n  u s i n g  tu b e s  o f  v a r i o u s  thicl 'Oiess 
might  be r e w ar d in g .
The e x p e r im e n t a l  r e s u l t s  o b t a in e d  from t h e  f o i l  gauge,  on the  
o t h e r  hand,  do n o t  a g re e  so w e l l ,  e i t h e r  i n  com par ison  w i th  the  
w i r e s  i n  t h i s  tu b s  o r  the  c i r c u m f e r e n t i a l  gauge r e s u l t s  i n  th e  o t h e r  
two t u b e s .  The measured  d i s c r e p a n c y  between t h e o r e t i c a l  and
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p r e d i c t e d  s t r a i n s  a,re o f  the  o r d e r  o f  19;h and even i f  the  cu rves  
a r e  s h i f t e d  s ideways  so t h a t  th e  e x t e n s i o n  of  t h e i r  l i n e a r  p o r t i o n  
p r e s s e s  th ro u g h  th e  o r i g i n  eit ze ro  p r e s s u r e ,  t h e r e  i s  s t i l l  a 
d i s c r e p a n c y  o f  10^ -  12 0^ be tween th e  measured and  p r e d i c t e d  v a l u e s .  
The n o n - l i n e a r  c h a r a c t e r i s t i c  o f  th e  r e s u l t s  from t h i s  gauge a t  lov/ 
p r e s s u r e  l e v e l s  i s  d i s t u r b i n g  and whe ther  t h i s  p o r t i o n  o f  the  
r e s p o n se  can be e l i m i n a t e d  by such m a n i p u l a t i o n  i s  open to  q u e s t i o n .  
I t  i s  p o s s i b l e  t h a t  the  r e s i n  l a y e r  on top  of  th e  f i l a m e n t s  does 
n o t  r e sp o n d  to  s t r a i n i n g  i n  q u i t e  th e  same way a s  th e  s t r o n g e r  sub ­
l a y e r s  i n  t h e  s t r u c t u r e  b u t  i f  t h i s  i s  th e  c a s e ,  t h e n  t h i s  
c h a r a c t e r i s t i c  sh o u ld  have been  a l s o  a p p a r e n t  i n  th e  r e sp o n se  o f  the  
gauge i n  a  s i m i l a r  p o s i t i o n  on tube  2 where th e  r e s i n  l a y e r  a t  the  
s u r f a c e  was v e r y  much t h i c k e r .  Two o t h e r  p o s s i b i l i t i e s  p r e s e n t  
th e m s e lv e s .  I f  s l i g h t  o v a l i t y  o f  th e  tube  i s  p r e s e n t  i n  th e  r e g i o n  
o f  th e  gauge, t h i s  t h i n  w a l l e d  tube  may be i n i t i a l l y  de form ing  to  a  
c i r c u l a r  c r o s s - s e c t i o n  u n d e r  th e  i n t e r n a l  p r e s s u r e  and a 
com press ive  s t r a i n  component i n  th e  hoop d i r e c t i o n  could be in duced  
to  produce  t h i s  i n i t i a l  c u rved  p o r t i o n  o f  t h e  r e s p o n s e .  Or, s i n c e  
i n  a  com posi te  m a t e r i a l ,  th e  m a t r i x  a c t s  as  a  l o a d  t r a n s m i t t i n g  
medium and th e  s u r f a c e  s t r a i n  gauge measurement o n ly  r e p r e s e n t  the  
r e s u l t a n t  l o c a l  s t r a i n  i n  th e  b in d e r ,  i f  the  gauge i s  mounted ove r  a 
r e g i o n  where th e  f i b r e s  a r e  u n d e r  t e n s i o n e d  f o r  w h a tev e r  r e a s o n ,  lo'w 
s t r a i n  l e v e l s  would be r e c o r d e d  u n t i l  such t ime a s  t h e s e  f i b r e s  too  
a r e  f u l l y  lo a d  c a r r y i n g .  P o s s i b l e  r e a so n s  f o r  t h i s  would l i e  i n  
po o r  wind ing  p r o c e s s  c o n t r o l  o f  f a c t o r s  such  a s  im p r e g n a t io n  o r  
t e n s i o n in g o
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Much b e t t e r  agreement  be tween p r e d i c t e d  and measured s t r a i n  
v a lu e s  was o b ta in e d  i n  t h i s  tube  3 f o r  the  l o n g i t u d i n a l l y  p l a c e d  
gauge th a n  had been  p r e v i o u s l y  o b t a i n e d  f o r  th e  o t h e r  two tu b es  
and a l t h o u g h  t h e  s t r a i n  l e v e l s  in duced  were o f  th e  same o r d e r  a s  
t h a t  in d u ced  i n  tu b s  2 by th e  f i n a l  t e s t  to  900 p s i .  maximum 
i n t e r n a l  p r e s s u r e ,  no tendency  f o r  the  r e s p o n s e  o f  t h i s  gauge to  
i n d i c a t e  a  change o f  s lo p e  wa.s d e t e c t e d ,  and measured and p r e d i c t e d  
v a l u e s  o f  t h e  t r a n s v e r s e  s t r a i n  were w i t h i n  3 . 5 ^  o f  each o t h e r .
As n o te d  e a r l i e r ,  t h i s  i s  c o n s id e r e d  to  be due to  th e  a p p l i c a t i o n  
o f  much low er  c lamping p r e s s u r e s  on the  s e a l s  of  th e  t e s t  r i g  to  
e f f e c t  a  p r e s s u r e  s e a l  b ecause  o f  th e  a lm o s t  comple te  e l i m i n a t i o n  
o f  th e  b le m is h  on th e  PVG l i n i n g  s u r f a c e  caused  by th e  Melinex  
r e l e a s e  l a y e r  on the  m andre l .
M6
Conel u s io n
I n  t h e  i n t r o d u c t i o n  to  t h i s  m r k ,  f i l a m e n t  w ind ing  was s t a t e d  
t o  he a f a b r i c a t i o n  t e c h n i q u e  f o r  fo rm ing  r e i n f o r c e d  p l a s t i c  p a r t s  
o f  h i g h  s p e c i f i c  s t r e n g t h ,  c a r r i e d  ou t  on s p e c i a l l y  d e s ig n e d  
machines  on which may be a ch ie v e d  th e  p r e c i s e  c o n t r o l  of  th e  w inding  
p a t t e r n  and d i r e c t i o n  o f  t h e  f i l a m e n t  o r i e n t a t i o n  r e q u i r e d  t o  t a k e  
f u l l  ad v an tag e  o f  th e  r em ark ab le  h igh  s t r e n g t h  p r o p e r t i e s  e>diib ited  
i n  t e n s i o n  by f i l a m e n t a r y  m a t e r i a l s .
I n  a, r e v ie w  o f  th e  methods o f  a n a l y s i s  f o r  t h i s  type  o f  
m a t e r i a l ,  i t  ha s  been  shovm how, f o r  a l l  c o n f i g u r a t i o n s  o f  winding, 
t h e  e l a s t i c  p r o p e r t i e s  can  be r e l a t e d  to  th e  p r o p e r t i e s  end r e l a t i v e  
q u a n t i t i e s  o f  t h e  c o n s t i t u e n t s  and the  o r i e n t a t i o n  o f  t h e  r e i n f o r c e ­
ment w i t h i n  each  l a y e r  o f  th e  s t r u c t u r e .  A c co rd in g ly ,  th e  d e s ig n  
and u s e  o f  any w ind ing  equipment must be a p p r a i s e d  w i t h  r e g a r d  to  
t h e s e  c o n s i d e r a t i o n s .
The h e l i c a l  w ind ing  machine d e s ig n e d  and p u t  i n t o  o p e r a t i o n  i n
t h e  c o u r s e  o f  t h i s  s tu d y  has  shovm i t s e l f  c ap a b le  o f  wind.ing
c y l i n d r i c a l  tu b e s  22" l o n g  x 4*' d i a ,  u s i n g  12-end E - g l a s s  r o v i n g  as
t h e  r e i n f o r c e m e n t  phase  and a  h o t  s e t t i n g  epoxy r e s i n  system as
m a t r i x ,  A f e a t u r e  o f  t h i s  machine was i t s  u se  o f  s e p a r a t e  motor
d r i v e s  t o  t h e  mandre l  and le a d s c re w  s h a f t s ,  t h u s  p e r m i t t i n g  th e  s e t t i n g
o f  a wide ra n g e  o f  s h a f t  speed r a t i o s ,  upon which q u a n t i t y  th e  ang le
o f  v/ind depends .  C o n t ro l  o f  t h i s  r a t i o  has  been  shovm to  be c ap a b le
0o f  m a in tenance  w i t l i in  a  maximum 1 v a r i a t i o n  o f  the  a n g le  o f  v/ind a t  
a  s e t t i n g  o f  45°* With  t h i s  f a c i l i t y ,  any a n g le  o f  wind from the  lov;
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h e l i x  a n g l e s  r e q u i r e d  f o r  p o l a r  w ind ing  to  t h a t  r e q u i r e d  f o r  hoop 
w ind ing  may he r a p i d l y  s e t  on th e  a s s o c i a t e d  c o n t r o l  c o n so le ,  t h e  
d e s i g n  o f  which was a l s o  p a r t  o f  t h i s  p r e s e n t  work .
'fne p r o v i s i o n  o f  a u to m a t i c  t r a v e r s i n g  o f  t h e  r e i n f o r c e m e n t  
f i n a l  l a y i n g - o n  gu id e  t o g e t h e r  w i th  t imed d e l a y  p e r i o d s  a t  e i t h e r  
end of  t h e  t r a v e r s e  hy th e  u se  o f  two e l ec t ro - m ec h a n ic a J .  t im in g  
u n i t s  i n t e r c o n n e c t e d  i n  a. way evo lved  by th e  w r i t e r , has  worked w e l l . 
V/heîi w ind ing  open ended c y l i n d r i c a l  t u b e s  a t  o t h e r  th an  hoop a n g le s  
o f  wind, t h e  b u i l d - u p  o f  tube  w a l l  t h i c k n e s s  a t  e i t h e r  end d u r i n g  
t h e  t imed d e l a y  p e r i o d  t h e r e  can s e r v e  t o  d i s r u p t  th e  a c c u ra c y  o f  the  
w ind ing  p a t t e r n  i n  t h a t  r e g i o n  and as  w ind ing  p r o g r e s s e s ,  th e  e f f e c t  
o f  t h i s  d i s r u p t i o n  may e x tend  f u r t h e r  a lo n g  the  t u b e .  A method o f  
c a l c u l a t i n g  t h e  most s u i t a b l e  t ime d e l a y  t o  be a p p l i e d  t o  th e  moving 
c a r r i a g e  a t  e i t h e r  end o f  th e  t r a v e r s e  to  min imise  t h i s  problem has  
been  d e r i v e d .  Th is  t a k e s  i n t o  accoun t  b o th  t h e  r e q u i r e m e n t  to  
l o c a t e  th e  r o v i n g  on th e  c y l i n d e r  s u r f a c e  a t  th e  end b e f o r e  
recommencing the  n e x t  t r a v e r s e  and th e  r e q u i r e m e n t  f o r  o p t im u m  s t r e n g t h  
o f  th e  end i t e m  t h a t  th e  r e i n f o r c e m e n t  be e v e n ly  a p p l i e d  over  t h e  
mandre l  s u r f a c e  i n  each l a y e r .
I n  a f u r t h e r  a r e a  o f  s tu d y  o f  th e  w ind ing  p r o c e s s  and i t s  
a s s o c i a t e d  p r o c e d u r e s ,  t h e  d e s i g n  o f  a b r a k i n g  sys tem  t o  p r o v id e  a 
c o n s t a n t  t e n s i o n  i n  th e  r o v i n g  as  i t  i s  b e in g  drawn from the  cheese  
ha s  been c o n s i d e r e d .  Th is  has  proved e f f e c t i v e  i n  p r o v i d i n g  the  low 
l e v e l  o f  c o n s t a n t  back t e n s i o n  r e q u i r e d  d u r i n g  t h e  wet v/inding o f  the  
tu b e s  f a b r i c a t e d  i n  t h i s  i n i t i a l  s tu d y .  P r o v i s i o n  o f  much h i g h e r
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t e n s i o n  l e v e l s , up t o  a  moximun o f  11b p e r  end f o r  u s e  w i th  d ry  
p r e - i r a p r e g n a t e d  r o v i n g ,  i s  p o s s i b l e  w i t h i n  th e  range  o f  a d ju s t m e n t  
d e s ig n e d  i n t o  t h e s e  u n i t s .
The problem o f  g u i d i n g  th e  r o v i n g  from th e  c h ee se  t o  th e  
m andre l  s u r f a c e  w i t h o u t  r e d u c i n g  th e  s t r e n g t h  t h ro u g h  h a n d l i n g  and 
th e  prob lem o f  e n s u r i n g  a d eq u a te  impregyia tion w i t h i n  th e  l i m i t e d  
sp ace  a v a i l a b l e  on t h i s  compact machine has  r e c e i v e d  a t t e n t i o n  and 
th e  p r e s e n t  combined im pre fp ia t ion  b a t h  and l a y i n g - o n  gu ide  mounted 
on th e  c a r r i a g e  have p roved a d e q u a te .  I n  the  l i m i t e d  amount o f  
w in d in g  per fo rm ed  d u r i n g  t h i s  work , a  s tu d y  o f  th e  r e l a t i o n  between 
b a c k - t e n s i o n  l e v e l s  and th e  w ind ing  speeds  on t h e  f i n a l  tube  
c o m p o s i t i o n  and th e  pe r fo rm ance  o f  the  i m p r e g n a t io n  b a t h  wa.s n o t  
a t t e m p t e d .  M o d i f i c a t i o n  o f  th e  r e s i n  t ro u g h  d r i p  f e e d e r  above th e  
im p r e g n a t io n  b a t h  h a s  improved th e  ease  o f  c o n t r o l  o f  th e  r e s i n  f low
r a t e  b u t  p r o v i s i o n  of  a  means o f  a u to m a t i c  c u t - o f f  o f  r e s i n  supp ly
t o  th e  b a t h  d u r i n g  h a l t s  i n  th e  winding ,  f o r  example d u r i n g  
i n c o r p o r a t i o n  of  th e  0 .001"  d i a ,  r e s i s t a n c e  w ire  i n t o  th e  r o v i n g
band, would be adv an tag eo u s  from th e  p o i n t  o f  v iew o f  o p e r a t i o n a l  ease ,
The commercial  r o v i n g  u sed  i n  t h i s  s tu d y  h a s  p roved  t o  c o n t a i n  
l a r g e  numbers o f  b roken  f i b r e s  o f  s h o r t  l e n g t h .  These have been 
removed from th e  r o v i n g  by th e  ro d s  and sc rapers  i n  t h e  b a th  b u t  i n  th e  
p r o c e s s  t e n d  t o  accum ula te  and can be t ro u b le so m e .  The p r o v i s i o n  of  
a  s u c t i o n  head a d j a c e n t  to  t h e  f i l a m e n t  band p r i o r  t o  i t s  e n t r y  i n t o  
t h e  b a t h  so t h a t  a l l  l o o s e  ends  were removed, w o u ld , i t  i s  c o n s i d e r e d ,  
be a f u r t h e r  so u rc e  of  improvement to  th e  equipment .
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Some d i f f i c u l t ] / -  was e x p e r i e n c e d  i n  th e  c o u rse  o f  t h i s  work i n  
t h e  a r e a  o f  removal o f  th e  mandre l  from w i t h i n  t h e  f i n i s h e d  tube  a f t e r  
c u r i n g ,  t h e  w ind ing  t e n s i o n  i n  th e  ro v in g  a f t e r  p a s s i n g  th ro u g h  the  
im p r e g n a t io n  b a t h  b e i n g  s u f f i c i e n t l y  h ig h  t o  cause  th e  tube  to  b in d  
o n to  t h e  s p l i t  mandre l  d e s p i t e  th e  use  o f  normal r e l e a s e  a g e n t s  such 
a s  a luminium f o i l , s i l i c o n  l u b r i c a n t  e t c .  This  has  been c o m p le te ly  
overcome by t h e  u se  o f  M el inex  f i l m  as  a r e l e a s e  l a y e r  and mandrel  
l i n e r  combined. A s i d e  b e n e f i t  t o  t h e  u se  o f  M el inex  lias been th e  
h i g h  s u r f a c e  f i n i s h  im p a r te d  to  th e  tube  i n n e r  w a l l .  The use  of  
room tempera . ture  c u r i n g  PVG s o l u t i o n '  t o  p r o v id e  a s e a l i n g  l a y e r  on th e  
i n t e r i o r  of  th e  tube  has  a l s o  proved  v e r y  s u c c e s s f u l ,  the  PVG 
r e l e a s i n g '  v e r y  e a s i l y  from t h e  Me 1 i n  ex on removal o f  t h e  m andre l .
The PVG was a l s o  a  v e r y  e f f e c t i v e  l i n e r ,  s e a l i n g  t h e  tube  a g a i n s t  
p r e s s u r e  l o s s  due t o  seepage  th ro u g h  r e s i n  c r a c k s  d ev e lo p e d  d u r i n g  the  
i n t e r n a l  p r e s s u r e  t e s t s .
These t e s t s ,  on t h r e e  hoop wound tu b e s  t o  d e t e r m in e  the  modulus 
a lo n g  th e  f i b r e  d i r e c t i o n  and th e  m ajo r  P o i s s o n ' s r a t i o  o f  th e  m a t e r i a l  
have been  d i s c u s s e d  v e r y  f u l l y  i n  C hap te r  5* R e s u l t s  f o r  the  
l o n g i t u d i n a l  modulus were found to  a g re e  w i t h i n  4> w i th  th e  v a lu e s  
p r e d i c t e d  by c o n s i d e r a t i o n  o f  th e  tube  c o m p o s i t io n  b u t  t h e  r e s u l t s  f o r  
t h e  m a jo r  P o i s s o n ’ s r a t i o  were i n i t i a l l y  po o r .  I n v e s t i g a t i o n  of  the  
cause  i n d i c a t e d  t h a t  t h e  p r e s s u r e  t e s t  r i g ,  which was d e s ig n e d  as 
p a r t  o f  t h i s  p r e s e n t  work,  was n o t  i n  f a c t  e l i m i n a t i n g  as  d e s i r e d  the  
l o n g i t u d i n a l  f o r c e  component due to  the  i n t e r n a l  p r e s s u r e  i n  th e  t u b e .  
High com press ion  o f  th e  neoprene  r u b b e r  p r e s s u r e  s e a l s  a t  e i t h e r  end
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o f  th e  tube  t o  e l i m i n a t e  sm a l l  p r e s s u r e  l e a k s  i n  th e  r e g i o n  of  r i d g e s  
formed i n  th e  PVG l i n i n g  by th e  b u t t  j o i n t  o f  th e  Mel inex  wrap was 
d e te r m in e d  as  a  m ajo r  c o n t r i b u t o r y  f a c t o r .  S t e p s  wore t a k e n  to  
e l i m i n a t e  t h i s  problem a r e a  and as a r e s u l t  th e  c o r r e l a t i o n  between 
p r e d i c t e d  and e x p e r i m e n t a l l y  o b t a in e d  v a lu e s  f o r  a su b se q u e n t  tube  
was improved by s e v e r a l  o r d e r s  o f  m agn i tude ,
A major  f i e l d  o f  s tu d y  i n  t h e  co u rse  o f  t h i s  work has  been th e  
a s s e s s m e n t  f o r  u se  as  a s t r a i n  m easu r ing  d e v ic e  o f  f i n e  e l e c t r i c a l  
r e s i s t a n c e  w ire  wound i n t o  a f i l a m e n t  wound v e s s e l  a lo n g  w i th  the  
r e i n f o r c e m e n t , Th is  was u n d e r t a k e n  because  o f  d oub t  a b o u t  th e  
s i g n i f i c a n c e  o f  r e s u l t s  from o r d i n a r y  bonded s t r a i n  gauges  on 
f i l a m e n t  wound s t r u c t u r e s .  I n  an i n i t i a l  p a r t  o f  t h i s  s tu d y  c l o s e  
agreement  w i th  r e f e r e n c e d  v a l u e s  was o b ta in e d  e x p e r i m e n t a l l y  f o r  th e  
v a l u e  o f  th e  Gauge F a c t o r  of  th e  wire  when used  e i t h e r  i n  th e  unbonded 
s t a t e  or  when bonded t o  a  s t r i p  of  aluminium, a l l o y  a s  a  b a s i c  
m a t e r i a l .  The r a t h e r  t r i c k y  h a n d l i n g  p r o c e d u r e s  a s s o c i a t e d  w i th  th e  
i n t e g r a l  wmnding o f  t h i s  w i r e  (O.OOl" d i a . )  i n  a  tu b e  were evo lved  
and th e  w i re  i n c o r p o r a t e d  i n t o  two l a y e r s  o f  a, tu b e  f o r  t e s t i n g  under  
i n t e r n a l  p r e s s u r e .  The r e s u l t s  were compared w i th  t h o s e  from f o i l  
gauges  bonded on th e  tu b s  o u t e r  s u r f a c e .  Prom c o n s i d e r a t i o n  o f  th e  
c o n s i s t e n t  l i n e a r  r e s u l t s  from b o th  w ind ings  o f  w i r e ,  a t  a l l  t im es  
w i t h i n  4^ 0 o f  th e  c a l c u l a t e d  v a l u e s ,  i n  compar ison  w i th  th e  s u r f a c e  
gauge r e s p o n s e  which d i s p l a y e d  a n o n - l i n e a r  c h a r a c t e r i s t i c  a t  low 
p r e s s u r e  l e v e l s  and were i n  poor  agreement  w i th  c a l c u l a t e d  v a l u e s ,  i t  
i s  concluded  t h a t  t h i s  method makes i t  p o s s i b l e  t o  t a k e  m ean ing fu l  
s t r a i n  measurement  a l o n g  th e  f i b r e  d i r e c t i o n  w i th  s a t i s f a c t o r y  r e s u l t s ,
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I n  th e  co u rse  o f  t h i s  work, f o l l o w i n g  a r e v ie w  o f  f i l a m e n t  
winding’ and th e  a n a l y s i s  of  f i l a m e n t  wound c o m p o s i t e s ,  th e  d e s ig n  
o f  8 h e l i c a l  w ind ing  machine t o  be c ap a b le  o f  use  ove r  a l .arge range  
of  w ind ing  a n g le s  has  been  u n d e r t a k e n .  The machine and i t s  c o n t r o l  
u n i t  have been b u i l t .  D e t a i l e d  s tu d y  has  boon made o f  im p o r t a n t  
a r e a s  o f  th e  w ind ing  p r o c e s s .
T e s t  a p p a r a t u s  to  be used  i n  th e  d o t e r m i n a t i o n  o f  some o f  the  
e l a s t i c  m odu l i !  o f  th e  composi te  was d e s ig n e d  and b u i l t .  I n  an 
i n i t i a l  e x p e r im e n t a l  s tu d y ,  th e  machine ha s  been u sed  t o  make hoop 
wound c y l i n d r i c a l  t u b e s  u s i n g  E - g l a s s  r o v i n g  and epoxy r e s i n .  The 
tu b e s  have been t e s t e d  i n  tlie a p p a r a t u s  un d e r  i n t e r n a l  p r e s s u r e  to  
d e te r m in e  c e r t a i n  c l a s t i c  p r o p e r t i e s ,
F ine  e l e c t r i c a l  r e s i s t a n c e  w i re  i n c o r p o r a t e d  i n  the  ro v in g  
band d u r i n g  w ind ing  has  been sh o rn  e x p e r i m e n t a l l y  t o  p ro v id e  a method 
o f  t a k i n g  s t r a i n  measurements  a lo n g  th e  f i b r e  d i r e c t i o n  w i th  
s a t i s f a c t o r y  r e s u l t s .
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Appendix 1 Che e s e Brekin^r U n i t
The d e s ip T i  r e n u i r e i r i e n t  o f  th e  b rake  u n i t  i s  t o  p r o v id e  a
c o n s t a n t  t e n s i o n  i n  the  rovina;s as th e y  a r e  drawn f r o u  th e  cheese
The g l a s s  cheese  t o g e t h e r  w i th  a  b rak e  druri i s  keyed t o  a
s h a f t  f r e e  t o  r o t a t e  u n d e r  t h e  p u l l  o f  th e  t e n s i o n  i n  th e  r o v i n g
as  i t  i s  unwound from th e  cheese
A  R
B r a  c /ru rn
r a d i us -r t
t-o-dfus f'-
T
N o t a t i o n  r  ~ i n i t i a l  r a d i u s  o f  c h ee se .o .
r  = r a d i u s  o f  cheese  s.t any i n s t a n t  o f  t im e .
= r a d i u s  o f  b rake  drum.
T -  t e n s i o n  i n  r o v in g .
R ~ normal r e a c t i o n  a t  b rak e  b lo ck .
P = b ra k e  to rpuef  s p r i n g  f o r c e ,
JU = b rak e  c o e f f i c i e n t  o f  f r i c t i o n .
C o n s id e r i n g  t h i s  sys tem ,  th e  e q u a t i o n  o f  m ot ion  i s  
Tr -  P = I  è  (Al -  1)
where I  i s  t h e  moment o f  i n e r t i a  and 6  i s  th e  a n g u l a r  a c c e l e r a t i o n
As I  6 i s  v e r y  sm a l l  i n  th e  p r e s e n t  c a s e ,  e q u a t i o n  A1 -  1 may be
127
(A l-2 )
w r i t t e n  as
Tr = ?  - =
For  th e  d e s i g n  r e q u i r e m e n t  o f  c o n s t a n t  t e n s i o n  T, we have,  
t h e r e f o r e
R = i  • f  (A1 - 3)
I n i t i a l l y ,  where r  r ^ ,  th e  normal r e a c t i o n  a t  t h e  b ra k e  b lo ck
I S o
T ^o (A1 -  4)
and a s  g l a s s  i s  unwound, a t  any su b seq u en t  i n s t a n t  from e q u a t i o n  
A1 “ 5 we have 
R T ^o
d
T
/i ^d
(A1 5)
T h e r e f o r e ,  t o  m a i n t a i n  a c o n s t a n t  t e n s i o n  T i n  th e  f i l a m e n t s ,  
r  - ra  f o r c e  2  
fj.
must be a p n l i e d  a t  th e  b rake  mechanism to
d
d i m i n i s h  R as  th e  r a d i u s  o f  th e  ch ee se ,  r  d i m i n i s h e s . o
A l i n k a g e  sys tem i s  a r r a n g e d  f o r  t h i s  p u rp o s e .
-----------------------L,   1
kL,
/ T "
I
w
12$
A r o l l e r  of  w e ig h t ,  w r e s t s  on t h e  s u r f a c e  o f  th e  g l a s s
c h ee se  a t  a l l  t im e s  and i s  co nnec ted  th ro u g h  t h e  l e v e r s ,  o f
l e n g t h  and t o  t h e  b rake  b l o c k .  i s  th e  f o r c e  a p p l i e d
th ro u g h  th e  l i n k a g e  t o  th e  b rake  b lo ck  by th e  r o l l e r  a t  th e
i n s t a n t  when th e  r a d i u s  o f  t h e  cheese  i s  r .  A cco rd in g ly ,
( l  -  y )  -  Fy (a1 -  o)
where F i s  th e  f o r c e  t r a n s m i t t e d  from th e  r o l l e r  l e v e r  arm t o
th e  b l o c k  l e v e r  arm.
I f  t h i s  f o r c e  F i s  a p p l i e d  by a. com press ion  s p r i n g  F = k.^A
where k-^ i s  th e  s p r i n g  c o n s t a n t  and A i s  th e  d e f l e c t i o n  o f  th e
r o l l e r  arm a t  t h e  s p r i n g .
S in ce  t h e  commencement o f  w inding ,  the  r o l l e r  has  lowered
a  d i s t a n c e  ( r ^  « r ) ,  t h e r e f o r e
A = ( f g  -  r )  X
and F = k ( r  -  r )  x (A1 - 7)s  ^ o ^
Hence from A1 -  6,  R, = k  . —  ( r  -  r )  (A1 -  8)1 8 1 -  y   ^ o
From e q u a t i o n  A1 - t o  p r o v id e  a c o n s t a n t  t e n s i o n  T, must
eq u a l  T (^o and hence  k -  (A1 ~ 9)
-  s
The r e q u i r e d  v a lu e  o f  k^ can now be de te rm in ed  from e q u a t i o n  A1 -  9 
To en su re  t h a t  the  r o l l e r  s t a y s  i n  c o n t a c t  w i th  the  s u r f a c e  
o f  t h e  g l a s s  cheese  a t  a l l  t im e s ,  i t s  w e igh t  w must be g r e a t e r  
th a n  o r  e q u a l  t o  t h e  maximum f o r c e  r e a c t e d  by th e  s p r i n g .  This 
o c c u r s  when r  i s  e q u a l  to  th e  i n n e r  (o r  sp o o l )  r a d i u s  r ^  o f  the  
c h e e s e .  Thus we must h ave ,  i g n o r i n g  the  w e ig h ts  o f  t h e  l e v e r s  
and s p r i n g ,  vdiich a r e  sm al l  i n  compar ison ,  •
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w L. ^  k ( r  -  r . )  x,  xL,1 8 \ o i '  i
2
i . e .  w ^  k^ ( r ^  •” i x )  x (Ai -  10)
A s i m i l a r  a r ran g em en t  can be made w i th  a t e n s i o n  s p r i n g  in  
t h e  p l a c e  o f  t h e  com press ion  s p r i n g .  In  t h i s  c a s e ,  t h e  v a l u e s
f  Vo f  R and w have t o  be i n c r e a s e d  by amounts g— — and f  x o- 1 " y
r e s p e c t i v e l y  t o  p r o v i d e  th e  s p r i n g  i n i t i a l  t e n s i o n  lo a d  f  and 
a p p ly  n e t  f o r c e s  o f  R^ and w a t  the  b rak e  and ch ee se  as  b e f o r e .
The r e q u i r e m e n t  f o r  an i n t e r c o n n e c t i n g  spring; be tween the  
l e v e r  arms may be shovm by c o n s i d e r a t i o n  o f  an i n e x t e n s i o n a l  l i n k  
i n  p l a c e  o f  th e  s p r i n g .  I n  t h i s  c a s e ,  as  b e f o r e
q  (1 - y) = Fy (Ai - 6)
b u t  P i s  d e te r m in e d  by th e  r e l a t i o n
w = P X (A 1 -  11)
Hence f o r  a c o n s t a n t  v a l u e  o f  T, from e q u a t i o n  Al -  6 and 11,
X
w ( 1 “ y)  would have t o  v a r y  w i t h  r ,M y
a much more i n v o lv e d  a r rangem en t  t o  be made f e a s i b l e  i n  p r a c t i c e .
Prom e q u a t i o n s  Al -  9 and Al -  10, and g e o m e t r i c a l  c o n s i d e r ­
a t i o n s ,  th e  v a l u e s  o f  k , y and may be e x p r e s s e d  i n  te rms o f
X o r  a l t e r n a . t i v e l y , f o r  any one s p r i n g  c o n s t a n t  k^ and t e n s i o n  T,
\7
~  I ' v  - ' r g k  O s
h
"y— X — X = 1 -  /  V---------—-TT"
y
r  - r .  o X
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A l i n k a g e  mechanism o f  t h i s  form u s i n g  an e x t e n s i o n  s p r i n g  was 
d e s ig n e d  and f i t t e d  to  th e  s i x  cheese  s l i a f t s  on t h e  machine.  
The mechanism i s  v i s i b l e  i n  F i g u r e  26.  On th e  machine 
L,  4"
Lg = 3 .2"
-  5-
= 10 .615  l b / i n
(w + f x )  = 1 l b
The i n i t i a l  b ra k e  b lo c k  lo a d  ( R + —  ) i s  a n n l i o d  by a ^ o 1 -  y
com press ion  s p r i n g ,  m anua l ly  a d j u s t a b l e  f o r  i n i t i a l  t e n s i o n
l o a d i n g  o f  t h e  r o v i n g .  The p i v o t  p o i n t  on th e  r o l l e r  arm may
be a d j u s t e d  be tween  th e  p o s i t i o n s  where y -  0 .1 5  and y  = 0 . 7 5 - 
A c o n s t a n t  v a l u e  o f  T may th e n  be o b ta in e d  i n  t h e  range  0 .751b 
t o  1 2 , 251b. For  t h e  12 end r o v i n g  u sed ,  t h i s  p e r m i t s  th e
a p p l i c a t i o n  o f  up to  l i b  o f  t e n s i o n  p e r  end.
3 I
Apuendix 2 A Study o f  t h e V/indin-;- P a t t e r n  a t  th e  Ends o f  
C a r r i a g e T r a v e r s e  to  Ba t e rmine T o ta l  Yime Dela.y.
A p a r t  from any i n i t i a l  de le y  p e r i o d  a t  th e  end o f  th e  mandre l  
a t  t h e  s t a r t  o f  th e  v/inding p r o c e s s  r e q u i r e d  t o  "anchor*'  th e  ends 
o f  th e  r o v i n g  hand b e f o r e  commencing to  wind h e l i c a l l y  a t  an a n g le  
i n  each d i r e c t i o n  o f  t r a v e l ,  th e  d e l a y  t im es  f o r  each  end w i l l  
be e q u a l  and depend on th e  a n g le  o f  wind and v a r i o u s  machine 
d im ensions*  The d e s i r e d  d e l a y  w i l l  be t h a t  s u f f i c i e n t  to  look  
th e  wind j u s t  f i n i s h e d  and to  p o s i t i o n  th e  r o v i n g s  c o r r e c t l y  f o r  
th e  n e x t  wind so t h a t  th e  d e s i r e d  p a t t e r n  i s  a c h i e v e d  w i th o u t  undue 
b u i l d - u p  of  w a l l  t h i c k n e s s  a t  each  end o f  the  tube  * As can be 
s e e n  from th e  d iagram o f  th e  i d e a l i s e d  p a t t e r n ,
F Ii
2rrr
t h e  sudden change of  a n g le  from + to  -  w i t h o u t  a d e l a y  t ime
w i l l  cause  s l i p p a g e  of  the  r o v i n g ,  ' The r e q u i r e d  d e l a y  t ime i s
t h a t  w i th  which th e  r o v i n g , ,  on r e t u r n i n g  from th e  end o f  the  t u b e ,
w i l l  be l a i d  a l o n g s i d e  the  p r e v i o u s  wind a s  shown o v e r l e a f .
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The d e l a y  w i l l  he rna.de- up o f  two p a r t s ,
V/hen th e  c a r i ’i a g e  r e a c h e s  th e  end o f  i t s  t r a v e l ,  i t  w i l l
have  a  l e a d  o v e r  th e  p o i n t  of  c o n t a c t  o f  the  r o v i n g  on th e  mandrel
s u r f a c e .  D ur ing  th e  f i r s t  p a r t  o f  th e  d e l a y  th e  i n s t a n t a n e o u s
v a l u e  o f  the  a n g le  o f  wind a  w i l l  i n c r e a s e  from a t o  ™ w h i le  th eo 2
r o v i n g  f o l l o w s  a  p a t h  o v e r  t h e  mandre l  s u r f a c e  t o  e l i m i n a t e  the  
c a r r i a g e  l e a d  and b r i n g  th e  p o i n t  o f  c o n t a c t  i n  l i n e  w i t h  the  c e n t r e ­
l i n e  o f  th e  im p r e g n a t io n  h a t h  and th e  end o f  t h e  m an d re l .  The 
second  p a r t  o f  th e  d e l a y ,  Tg, h o ld s  th e  c a r r i a g e  s t a . t i o n a r y  w h i l e ,  
t h e  mandre l  r o t a t e s  th ro u g h  th e  f u r t h e r  a n g le  r e q u i r e d  to  b r i n g  the  
p o i n t  o f  c o n t a c t  o f  th e  r o v i n g  hand to  th e  c o r r e c t  p o s i t i o n  f o r  the  
s t a r t  o f  th e  r e t u r n  p a s s .
N o t a t i o n s
a  d i s t a n c e  i n  X -  d i r e c t i o n  hetv/een f i n a l  g u id e  and p o i n t
on mandre l  s u r f a c e .
1 mandre l  l e n g t h .
m
n
nm
number o f  mandrel  r e v o l u t i o n s  wound a t  h e l i c a l  an g le  a^ ,  
i n t e g e r  number o f  t r a v e r s e s  o f  c a r r i a g e ,  
m andre l  speed  ( r . p . m . )  
mandre l  r a d i u s .
(33
w r o v in g  hand w id th .
z d i s t a n c e  i n  Z d i r e c t i o n  he tween  i n s t a n t a n e o u s  p o i n t s
P and P g .
d i s t a n c e  i n  Z d i r e c t i o n  ho two en p o i n t s  P^ and  P^..
D c i r c u m f e r e n t i a l  d e l a y  d i s t a n c e .
N . i n t e g e r  number o f  mandrel  r e v o l u t i o n s ,
P i n s t a n t a n e o u s  p o i n t  o f  c o n t a c t  o f  r o v i n g  hand on mandre l
s u r  fa, ce be tween p o i n t s  P^ and Pg.
P^ i n s t a n t a n e o u s  p o i n t  o f  c o n t a c t  o f  r o v i n g  hand on mandre l
s u r f a c e  a t  end o f  w in d in g  a t  a  "
Pg i n s t a n t a n e o u s  p o i n t  o f  c o n t a c t  o f  r o v i n g  hand on mandre l
s u r f a c e  a t  end o f  mandre l  when a  = -g- .
T t o t a l  d e l a y  t im e .
d e l a y  t ime d u r i n g  which a n g le  o f  wind i n c r e a s e s  from
CL — CL t o  a  — y  ,
0  2 -
Tg d e l a y  t ime r e q u i r e d  t o  h o l d  r o v i n g  p a t t e r n  a t  end and
p l a c e  i n  p o s i t i o n  f o r  t h e  s t a r t  o f  t h e  c a r r i a ,g e  r e t u r n  p a s s ,  
X,Y,Z a x i s  d i r e c t i o n s .
a  a n g le  o f  wind a t  any  i n s t a n t  d u r i n g  d e l a y  T^.
CL^  d e s i r e d  h e l i c a l  a n g le  o f  wind on m an d re l .
A sm a l l  i n c r e m e n t .
<p r o t a t i o n a l  a n g le  t u r n e d  th ro u g h  by m an d re l ,
0  sm a l l  a n g l e  d e f i n e d  i n  t e x t .
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To d e t eP a r t  1
La 9'A
Rz
F îg  m
Let  th e  f i n a l  gu ide  l i e  a t  a  d i s t a n c e  ' a '  i n  t h e  X -  d i r e c t i o n  
from th e  l i n e  p a r a l l e l  to  th e  Z -  a x i s  th rough  t h e  i n s t a n t a n e o u s
p o i n t  o f  c o n t a c t  o f  t h e  r o v i n g s  on th e  su i ' f ace  o f  th e  m andre l .
L e t  0  he t h e  s m a l l  a n g l e  b e t u e e n  th e  f i n a l  gu id e  and th e  p la n e  
Y = r  t h r o u g h  th e  p o i n t  o f  c o n t a c t  (which may be assumed t o  l i e  
v e r t i c a l l y ,  above t h e  mandrel  a x i s  (Z a x i s )  s i n c e  6 i s  s m a l l ) .  Le t  
be t h e  c a r r i a g e  l e a d  d i s t a n c e ,  i . e .  t h e  d i s t a n c e  a l o n g  th e  mandrel  
a x i a l  (Z - )  d i r e c t i o n  be tween  t h e  f i n a l  gu ide  c e n t r e l i n e  and the  
p o i n t  o f  c o n t a c t  o f  th e  r o v i n g s  on t h e  mandre l  s u r f a c e .  Le t  o,^
be t h e  a n g l e  o f  h e l i c a l  w ind ing  on th e  m andre l .  Then when th e
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c a r r i a g e  r e a c h e s  th e  end o f  i t s  t r a v e l ,  i t  w i l l  he t h e  d i s t a n c e
ahead  o f  the  p o i n t  o f  c o n t a c t  a s  shown i n  f i p u r e  ITI where
= a sec0cotC?Q (A2 -  l )
Dur ing  th e  .de lay  T^, w h i l e  t h e  mandre l  r o t a t e s  th ro u g h  an ang le
1' t h i s  l e a d  d i s t a n c e  z i s  e l im inar ted  by th e  r o v i n y  hanc
f o l l o w i n g  a  p a t h  on th e  mandre l  such  t h a t  the  a n g l e  o f  wind a. 
i n c r e a s e s  from th e  v a l u e  a t  p o i n t  to  th e  v a l u e  ™ a t  the  
p o i n t  Pg i n  l i n e  w i t h  th e  c e n t r e l i n e  o f  the  f i n a l  gu ide  where the  
r o v i n g  hand l i e s  t a n g e n t i a l  to  th e  end of  th e  m a n d r e l ,
Using  a c o - o r d i n a t e  system and Z on th e  s u r f a c e  w i th  "ze ro  
p o i n t "  a t  P g , t h i s  r o v i n g  p a th  o v e r  th e  s u r f a c e  o f  th e  mandre l  
t a k e s  th e  form shown i n  f i g u r e  W .
P%G .  D e v e l o p m s n i  o f  c y l i n d e r b ,  R o v i n g  p a t h  b e t w e e n  p o i n t s  FJ a n d  P ,
Fig, 11T
Vdiere n^  ^ and r  a r e  th e  mandre l  r o t a t i o n a l  speed  and r a d i u s
r e s p e c t i v e l y .
r < ^  = 27tr ^   ^ T.
GO
(A2 -  2)
where d e l a y  t ime i s  measured i n  seco n d s .
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C o n s id e r  p l o t  o f  r  cl> vs. z betvreen P:  ^ and f o r  anp an£;le
o f  h e l i c a l  wind P ip u r e  P/b  below.
F iq .  I S  b ( E n l a r g e d )
At any i n s t a n t  when r o v i n p  p o i n t  o f  c o n t a c t  i s  P ( r ^ , z )  when 
th e  i n s t a n t a n e o u s  v a lu e  o f  t h e  a n g le  o f  wind i s  a .
z t a n  a.»
An in c re m en t  Ti\cj> ( r  c o n s t a n t  f o r  a c y l i n d e r )  l a t e r ,
r(cjS -t- A^> ) = PgB + BA + (z + Az) t a n  ( a  -  Aa)
Now a t  p o i n t  P,  from e q u a t i o n  A.2 -  1; z = a  s e c  0 c o t  a  
r  ^  = PgB + a se c 0
and s i r a i l a r l y  (z -i- Az) = a  s ec  0 c o t  (a  -  Aa)
r  (o>+ Ad>) = PgB + BA + a  sec  0  * * % *
r  A(^ “ BA
C o n s id e r i n g  th e  t r i a n g l e  IlBC f o r  sm a l l  i n c re m en t s  t e n d i n g  to  0 ,
BA BOt h e  f o l l o w i n g  r e l a t i o n  h o l d s , —? 
where BC te n d s  t o  the  v a lu e
 ^ s i n  Aa s i n  [  90 4'(c,"Ao)]
z
cos a a s  Az ten d s  to  z e r o .
Hence A(ÿ> z s i n  A ar  cos o, cos (a-Aoy
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2a  sec  0 co t a  s e c '  a  Aa / , „  „s
~ r  ( i  't- t a n  a  Aa) ^ ^
making the  u s u a l  a p p ro x im a t io n  f o r  sm a l l  a n g l e s  t h a t  t a n  Aa -  Aa.
A p l o t  may^he made o f  u s i n g  e q u a t i o n  A2 - o s t a r t i n g  w i th  
t h e  known v a l u e  o f  0 when a  = and u s i n g  th e  v a l u e  of  
t a n  a  a/fc a  = 8 9 .999^  to  g e n e r a t e  th e  i n i t i a l  v a lu e  fo:r Acp . R es t  
o f  th e  p o i n t s  on t h e  g raph  may be found by a s t e p  by s t e p  method . 
F i g u r e  27.
Using  t h e  v a l u e  o f  (ÿ o b t a i n e d  i n  t h i s  way f o r  any  a n g le  of  
wind a  = a^ ,  t h e  d e l a y  t ime may be c a l c u l a t e d  u s i n g  e q u a t i o n  
A2 - 2 .
P a r t  2 To d e te r m in e
I t  i s  r e q u i r e d  to  e s t i m a t e  th e  de lay ,  n e c e s s a r y  so t h a t  a t
th e  end o f  each  t r a v e r s e ,  t h e  commencement o f  t h e  n e x t  t r a v e r s e
p o s i t i o n s  the  r o v i n g s  a l o n g s i d e  the  p re v io u s  wind a s  shown i n
f i g u r e  H . T h i s  i m p l i e s  t h a t  a t  t h e  s t a r t  o f  any  t r a v e r s e  ( o t h e r
w sec  a
t h a n  th e  f i r s t ) ,  mandre l  has  r o t a t e d  (N + — - — ) r e v o l u t i o n s  
'   ^ 2 % t
\ "tils i n c e  th e  comniencement o f  th e  (n  -  l )  t r a v e r s e ,  v/here N i s  an
V/- sec  a
i n t e g e r  number o f  r e v o l u t i o n s  and i s  t l j a t  p a r t  o f  a
r e v o l u t i o n  n e c e s s a r y  to  e f f e c t  a s h i f t  o f  one band w id th  ’v/' i n  the
p l a c i n g  of  t h e  r o v i n g s .
C o n s id e r  now the  t r a v e r s e  o f  the  c a r r i a g e ,  where by ' t r a v e r s e *  
we mean one comple te  to  and f r o  movement a l o n g  th e  mandre l  l e n g t h ,
( i . e .  1 t r av ez ' s e  s  2 p a s s e s ) .  I n  th e  pass  i n  one d i r e c t i o n ,
r o t a t i o n a l  a n g le  p a s s e d  th rough  by mandre l  i s  ^  ^ + 2mu + ^
where i s  d e f i n e d  e a r l i e r  i n  p a r t  i ,  and m i s  number o f  r e v o l u t i o n ;
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wound a t  a g iv e n  by rn -  t a n  a  vdiere 1 i s  mandre lo %or o
l e n g t h  and i s  t h e  c a r r i a g e  l e a d  d i s t a n c e  a p p l i c a b l e  to  an g le
o f  wind a s  d e f i n e d  i n  P a r t  I .  Then th e  c o l a y  o c cu r s  w i th
th e  c a r r i a g e  h e l d  s t n t i o n a r y  s t i l l  to p o s i t i o n  th e  r o v i n g s  c o r r e c t l y
f o r  th e  r e t u r n  p a s s ,  w h i le  d u r i n g  t h i s  th e  mandre l  r o t a t e s  th rough
an a n g le  ™ , The c a r r i a g e  th e n  commonces r e t u r n  p a s s ,  d u r i n g  which,
assuming r e t u r n  p a s s  i s  a l s o  v/inding  a t  an g le  t h e  mandrel
r o t a t e s  a f u r t h e r  ( + 2m;c r a d i a n s ,  a f t e r  which second
I)d e l a y  o c cu r s  d u r i n g  which mandre l  r o t a t e s  ™ , Note t h a t  i f  a
p a t t e r n  was b e i n g  wound w i th  u n eo u a l  v a l u e s  o f  a  on outward  ando
r e t u r n  p a s s e s ,  t h e s e  ex-oress ions  would have to  be (2 -i- 2n 7;r)
'r a d i a n s , fo l l o w e d  by a. d e la y  —- r a d i a n s ,  on th e  outvward l e g  and 
th e n  (2 r  PiUg^cr) r a d i a n s  f o l lo w e d  by a d e l a y  ~  ra d  isms,  on th e  
r e t u r n  l e g .  Beyond i n t i ' o d u c i n g  a d d i t i o n a l  t e rm s ,  a n a l y s i s  i s  the  
same as  f o r  t h e  e q u a l  a n g le  o f  wind case  d e t a i l e d .
Think ing  i n  te rms o f  th e  c i r c u m f e r e n t i a l  d i s t a n c e  (rep)   ^
r a t h e r  t h a n  th e  r o t a t i o n a l  a n g l e s  ' cjy ' t u r n e d  by th e  mandre l ,  and 
t a k i n g  commencem.ent o f  f i r s t  wind as  ' z e r o ’ on th e  developed  
c i r c u m f e r e n t i a l  r  <p s c a l e , t h e  s t a r t  o f  the  r e t u r n  p a ss  i s  a t  th e  • 
p o i n t  (rep  = 2 ( r ^ j ^ )  + 2umr + D. The s t a r t  o f  th e  2nd t r a v e r s e  
i s  a t  p o i n t  (r<p)^  = 4- 2?<p^  a 4;;mr r  2D and so on.  Thus a l l  p o i n t s
o f  th e  wind can be c a l c u l a t e d  i n  t h i s  manner and i f  th e  s t a r t i n g
p o i n t s  o f  th e  outward  p a s s e s  a r e  deno ted  by a s i n g l e  s u f f i x  and th o se  
o f  th e  r e t u r n  p a s s e s  by a double  s u f f i x  we h ave ,  i n  g e n e r a l  t e rm s ,
( r ^ > ) n  = (4n -  4-) r<^^ + ( i n  -  4-)7Unr -h (2n -  2 ) d
(r<^S)^n = “ 2)r<p^-i  (4-n -  2)xmr + (2n -  1)D
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The c i r c u m f e r e ü t i a l  cil s t a n c e  h e t  we oi: t h e  s t a r t i n g  p o inbs  o f  the
n and (n -■ l )  t r a v e r s e  a t  each end o f  mandrel  i s  th u s
4 r  d 4-71 nr 23) for n rs- 2 rmrs-- 2.  (a2 - 4)
I n  a  similEür manner ,  f o r  uneq u a l  wind a n g l e s ,  th e  c i r c u m f e r e n t i a , l
d i s t a n c e  would he
2r<ÿ^ + 2um^r + 2 r ^ g  4- Dg (a2 -  4a)
Now, we- have seen  tha.t a t  th e  s t a r t  of  each  p a s s ,  f o r  th e
r o v i n g  to  be l a i d  a l o n g s i d e  the  p r e v io u s  s t a r t  and to  lo c k  the
p r e v i o u s  band i n  p o s i t i o n ,  th e  mandre l  must have r o t a t e d  
w sec  a
(N 4-  — ) r e v o l u t i o n s ,  i . e .  a c i r c u m f e r en t i . a l  s c a l e  d i s t a n c e
o f  (2urN + v; s e c  n^) .
Thus 4r<^^ 4- 4-7crm + 2D = K,2'Ar + w sec
where N i s  f i r s t  i n t e g e r  such t h a t  2nrN -  ( r ( ^  ) ^  -  ( r ÿ ) ^   ^ j
i s  p o s i t i v e ,
w s e c  a 2(h
D ~ 7cr(N r  — %-----  ■ »    -  2 m) ^ 2/cr 7l '
and expand ing  m
w= 7;rN + -g sec  4-  2 a s ec  0 " 2r(jy^ -  1 t a n a
where N i s  f i r s t  i n t e g e r  >  (2 eh. -i- — t a n  a  -  —  sec  0 ) .^  ^ ^ 1 r  o r
/ ,  Time d e l a y  Tg to  be added to  t h a t  r e q u i r e d  to  e l im d n a te
c a r r i a g e  l e a d  o v e r  r o v i n g  t a n g e n t  p o i n t ,  T ^ , i s  g i v e n  by
,Ti D 60 . . -,rp „ — -  X — seconds  wnere n i s  mandre l  r . p . m .2 2Ar n mm
Now i t  i s  obv ious  t h a t  on many o c c a s io n s  t h e  c a l c u l a t e d  v a lu e  
o f  D w i l l  n o t  be an  optimum v a lu e  i n  p r a c t i s e ,  a l t h o u g h  i t  i s  the  
v a lu e  e n s u r i n g  a  s i n g l e  s t a r t  p a t t e r n .  Two c a s e s  a r e  p o s s i b l e .
I f  t h e  t a n g e n t  p o i n t  Fg i s  too  n e a r  th e  d e s i r e d  s t a r t i n g  p o i n t  o f
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t h e  n e x t  t r a v e r s e ,  D would he i n a d e q u a t e  to  e n su r e  a  l o c k  on th e
p r e v i o u s  wind i s  o b t a in e d  (where e x p e r i e n c e  s u g g e s t s  minimum
r e q u i r e d  o f  o r d e r  ™ r a d i a n s ) , I n  t h i s  case  a s u o m u l t i p l e
2n o f  a  r e v o l u t i o n  can he added where n i s  th e  i n t e g e r  number of
t r a v e r s e s  n e c e s s a r y  t o  r e g a i n  i n i t i a l  s t a r t  p o s i t i o n .  The
c a l c u l a t e d  v a l u e  o f  D sh o u ld  hov/ever be d im in i s h e d  by 
^ ^ w sec
so t h a t  the  s t a r t  p o i n t  of  each  t r a v e r s e  advancesn z VI s e c  a
(N + ™) 27cr +  and hence a f t e r  n t r a v e r s e s ,  th e  s t a r t'  n n '
p o i n t  has  advanced  (n x N r  l )2% r + w sec  and r o v i n g  i s  l a i d  
a l o n g s i d e  the  o r i g i n a l  p a th .
S i m i l a r l y  i f  th e  de lay  i s  too l a r g e , so t h a t  e x c e s s i v e  b u i l d ­
up o f  th e  w a l l  t h i c k n e s s  occu rs  a t  each end o f  th e  t r a v e l , a sub-
m u l t i p l e  2n o f  a  r e v o l u t i o n  can be s u b t r a c t e d  b u t  ’D' i n  t h i s  case
n _ i  %s h o u ld  s t i l l  be d im in i s h e d  by •------g-——  so t h a t  each s t a r t
 ^ VI sec  a
p o i n t  now adv an ces  (N -  —) 2Ar +  —- . Thus a f t e r  nn n
t r a v e r s e s ,  s t a r t  p o i n t  i s  advanced (n x N -  l ) 2 x r  -i- w sec  so 
t h a t  r o v i n g  i s  l a i d  a l o n g s i d e  o r i g i n a l  p a th .
For  example;  suppose  D p roves  too  s m a l l ,  t h e n  where D 
w sec  a, . w s ec  a
— “ 2r<ÿ^ " 2%rm & 2 x r  -  (^™ ) - — -g™—
th e  s t a r t  p o i n t s  (rd>)  and (xà>)  a t  e i t h e r  end o f  th e  t r a v e l^  \ 'T
a r e  g i v e n  b y : -
( r  ^ ) ^  -  0
w sec  a  -,/ x r  0 1= r.rH + —  + — -----------• “
(^<p)n -  2%r (it 4- —) -h w sec  a2 '  n" ^  o * n
. 3 w sec  CL .
23 = + n )  + -------2  '  ÏÏ
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(rc6),^ = 4'xr (i:I a — ) -i- 2 w sec  a  . ^   ^ 3  ^ n  ^ o n
(rcb).-. . ,  -  5 AX’ (i'i 4- " " )  -i- A" w  s e c  a  .  — '  <  ^o3 n  2 o ÎI
Genero- lly ,  ( r  (6) , = 2 at (N -i- —) a ^  w sec  a" ’  ^ ' T/’i ' l  » \ n  ^ n  o
d '^ ) ( } j4 - j )b is  " 6 l ? 1) (H + i ) +  r | U A v ; sec  a o
V/hen 7j = n
(t <P) = 2n Ar(lT + ) + w sec  a ^ ^  ^114-1  ^ n  0
b 4 ) ( - , ^ l ) M s  = b n  -I X M s  -y ■-) W seo
1
both of which are 2n.'Ar (h n —  ) 4- v; see a advanced on the start ^ n  o
p o s i t i o n s  a t  each  end o f  f i r s t  t r a v e r s e .  how t h i s ,  a s  n and N
a r e  i n t e g e r s ,  s t i l l  g iv e s  th e  d e s i r e d  r e s u l t ,  a f t e r  n s t a r t s ,  o f  
a  p a t t e r n  b e i n g  l a i d  t h a t  i s  p l a c e d  a l o n g s i d e  t h a t  p r e v i o u s l y  l a i d ,
From p a r t s  1 and 2,  t h e  t o t a l  d e lay  t ime T i s  now seen  to  be 
T = g  Tg
30 30 D
„ — + __— — seconds
7. n,^ 7tr
" " f i r  -I- f  ) seconds
ra
À l o g a r i t h m i c  p l o t  o f  d e l a y  t ime a g a i n s t  mandre l  r o t a t i o n a l  
s peed  may be made f o r  each a n g le  o f  v/ind a^ .  I n  c o n j u n c t i o n  
w i th  F i g u r e  13 ,  t h i s  may be used  to  a i d  s e l e c t i o n  o f  a  s u i t a b l e  
w ind ing  r a t e .
An example o f  such  a p l o t  has  been  made f o r  a  few a n g l e s
1 1f o r  th e  two c a s e s  o f  a  ÿ  r e v o l u t i o n  and ^  r e v o l u t i o n  l o c k i n g
rotation at each end, for the case of a 22" long tube of 2"
5 "r a d i u s  and a  r o v i n g  band wid th  o f  g- F ig u r e  28 (a )  and  ( b ) .
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AFPIjli'DlX 5 À ü t ud.y to  Pe t e i VjinG th e  S t r a i n  D i f f e r e n c e  
Be tv/Gen a Boride d. RGsis t.gn.c9 V/ i r o  and t h o ]3?.sic X a t n r i a  I j
Assuming- t h a t  th e  r e e i n  l a y e r  c a r r i e s  no lo a d ,  t h e  s t r a i n  i s  
t r a n s f e r r e d  i n t o  th e  w i re  by the  t r a n s f e r  o f  shear* th ro n y h  th e  
r e s i n  l a y e r ,  and th e  f o l l o r i n y  s tu d y  may be made.
Le t  s u b s c r i p t s  1 and 2 r e f e r  t o  t h e  alumlniujn and w i re  
r e s p e c t i v e l y .
L e t  P be th e  a p p l i e d  t e n s i l e  lo ad
th e  s h e a r  s t r e s s  i n  the  r e s i n  
th e  s h e a r  modulus o f  th e  r e s i n  
y oung ' s ilo dll 1 u. s 
c r o s s  s e c t i o n a l  a r e a
th e  e f f e c t i v e  b r e a d t h  o f  th e  r e s i n  l a y e r  i n  s h e a r  
t h e  w i re  d i a m e t e r  
21 l e n g t h  o f  w ire  bonded to  th e  a luminium 
u d i s p la c e m e n t  
X d i s t a n c e  
8 th e  t e n s i l e  s t r a i n .
T
G
E
A
b
d
143
C o n s id e r in g  th e  alum inium  under an a p p l ie d  t e n s i l e  lo a d  P,
p
th e  t h e o r e t i c a l l y  c a l c u l a t e d  s t r a i n  3 = , T h i s  i s  th e
s t r a i n  th e  r e s i s t a n c e  w i re  i s  r e p a i r e d  to  mcasur
AHa r e s i s x a n c e  ciiange
e 
8
I f  th e  w ire  
2r e c o r d s  t h  —-  r e p r e s e n t i n g  sun av e rag e  s t r a i n  
where = Q say ,  th e n  the  a p p a r e n t  gauge f a c t o r  G.F. o f  t h e  wire
1
w i l l  a p p e a r  t o  he G.Pl -  — whi l e  the  t r u e  gauge f a c t o r  G.F. 
r e l a t i n g  t h i s  o b se rv ed  v a lu e  o f  to  t h e  c a l c u l a t e d  s t r a i n  i n  th e
I t  i s  r e a d i l y  a p p a r e n t  t h a ta luminium 8 v/i l be G.F. ^
. 1  ^Cr.F’. = " G.F. I t  i s  t h e  s i z e  o f  t h i s  r a t i o  Q we r e c u i r e  to
e s t i m a t e  f o r  a  r e s i n  l a y e r  t h i c k n e s s  t  and s h e a r  modulus G.
dP
b- 1. --- T b-X
du
where
dP
dx
P
2
2
" a  b
du,
\  ^2 dx
2
d u. 
dx^
dP.
d]
1
2
dT
dx^
=■- 0 where p,‘ Gb 1t  % + ) (A3 -  l )
s o l u t i o n  i s  of  form T = C cosh  |U x 4- C s in li j i x .
1
Boundary conditions .
a t  X = 0 ,  T = 0 ,  G = 0 and T -  0 s i i ih  \i x,
a t  X = 1, P^ = 0, P^ = P
i l u  G / i n
dx "  t
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Cg c o s h  H i  =
hence .  .  . (A3 - 2)
' > = / " ■ - ■  H t ;  '  = % Y  '  % .
(A3 - 3)
at X , = 1, P = P and so P, = - l) + 1
1 1 LH “tSjAj. c o sn n .1
r  , . G P b , cosh a x  _
?2 = -  h i h dx = -  - 2 - - - -  c o n r t r f  ^ b -
^  [i ‘
. T T1 n • n G P ba t  X ^ I 5 P,. “ 0 . .  C . = — - ---
pTtBjA^
P-
and P = P ^ - k P g  a s  r e q u i r e d  by a ssu ia p tio n  t h a t  r e s i n  l a y e r  c a r r i e s  
no end lo a d . T h is  a ssu m p tio n  demands t h a t  th e  same b re a d th  b be 
a p p l ie d  to  th e  e q u i l ib r iu m  e q u a tio n s  f o r  th e  aluminium, and u i r e  to  
p e rm it P = P^ 4- P^ to  be s a t i s f i e d  f o r  a l l  x .
A t X = Oj = 0 c\ Cg = 0
,  = —  u  „ I (A3 5)
 ^ ti ta^A p aA a  ^
for X . 1; U, = [l - ] . (A3 - 6)
/ , P P G b /siniiHX \
“ * V * ? . *• ■ - « ) ♦ > .
G
D
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At X = 0 ,  “ 0
u G b
p, t z r '- i
( s i n h  LL X 
' h c o o b p i >'■ ) -r "sr ( A 3  -  7 )
f o r  X = I j  u P G b r s i î i b G l  -, 1 P I"2 S'1 [ p c o s h  p ip. tn^A ^
( A 3  -  8 )
Pow th e  8>verage s t r a i n  i n  th e  v /ire  Sp ~
e x te n s io n  uq a t  x = 1 
le n g th  1
u
e G b P
2 1
{ -1 „ s i n h u l _  \
 ^ , , 1 „  ^V, , T /p i  C O S h p l
P
E^A^h- bigAg
r 4 „  t a n h p l  \— i ; - ; (A3 -  9)
As ( p i )  in c r e a s e s ,  ta n h  ( p i )  te n d s  to  u n i ty ,  th e r e f o r e  s in e ;
1 i s  l a r g e  and A^ i s  l a r g e  compared w ith  Ag
P /A l . ,
/ .  81 n i l  p i  \
"  1,1 I n  /E . + Eod2^ 2 /A p i  cosh p i
• ( i - i p  = A h - g i - )
• ¥ 1
8
/o Q (A3 -  10 )
S im i la r ly ,  th e  a v e rag e  s t r a i n  i n  th e  p l a t e  = may be shovrn to  be
EL- 1
1 4-
g in h p i __
E  ^ ^pl' co sh p l
^ 7 T
1) ( A 3  -  1 1 )
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Fig’J.re 19: Close-up of ’Advance’ V/ires in Tube ïïall in the
vicinity of the surface foil strain gauge.
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Pis',.re 20: Tube In Test Rij v;ith Pressure Control Unit
in background.
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Figure 22. Pressure on
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7.5. Pressure test on tube. 2. 
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Figure 24 .  Pressure tests on tube 3 
(Runs 1,2 & 3 )
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Fig. 2 8  a .  f i me Delay a t  end  of carriage traverse
vs. Mandrel  M otor  Speed for  Angle o f  Wind c  
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Fig. 2 8  b. Tims D elay  a t  end of c a rr iag e  traverse
vs. Mandrel  M otor Speed  for  Angle of  V/ind 
( */2 Rev. Locking Turn)
